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PREFACE 

T his volume IS intended to serve as a correlative text for the teachmg 
of carbohydrate metabolism to students of physiology, biochemistry, 
and medicine If the authors have succeeded vtv their endeavor, they 
will have satisfied a hitherto unmet need m this field The various aspects of 
carbohydrate metabolism usually have been taught as separate subjects by the 
different departments of universities and medical schools This can hardly be 
avoided under the present system of teaching organization , but the arrangement 
has obvious disadvantages Not uncommonly the net result for the student is a 
disjomted, incomplete, and often contradictory presentation of the subject as a 
whole It IS the hope of the authors that the use of this text as a common meetmg 
ground by the appropnate departments of the same mstitution will be of help 
to both student and teacher 

A fortunate corollary of this integration of the subject is that it should mahe 
the volume useful to the practicing physician who seeks to keep abreast of the 
fundamentals upon which his clini^ applications are based The material is not 
otherwise available except in an extensive and highly technical periodical htera 
lure, with which he canoot be expected to cope directly This applies particularly 
to the newer knowledge of tissue en^me chemistry and to the pathological 
physiology of diabetes, a subject which has undergone a revolutionary develop 
ment withm the past few decades 

Despite its title, this volume also deals m considerable detail with certain as- 
aspects of protem and fat metabolism This is mentioned to emphasize the m 
creasingly obvious fact that the traditional didactic separation between the 
metabolisms of the three chief foodstufis is largely artifiaal Those restrictions 
which the present authors have placed on the scope of the subject matter de- 
pend more upon theu own limitations than upon any real division of the ma- 
teria! 

The more than twelve hundred references ated by no means represent a com- 
plete bibliography of the subject They have been carefully selected as ongmal 
sources of cruaal experimental facts or because they review certam aspects of the 
subject m greater detail than is feasible in this text or because they contain useful 
references to the many good scientific articles which could not even be mentioned 
in the present volume 

The senior author wishes to acknowledge the major conlnbutions of bis asso 
ciates, past and present, to the development of the wncepts discussed m this book 
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He also wishes to express his gratitude to the Michael Reese Hospital for the 
ample support and academic freedom granted him to the University of Chicago 
for the teachmg and intellectual associations which he has been privileged to 
enjoy and to the Committee on Publications m Biology and Medicine of the 
University for the stimulation without which this book might not have been under 
taken 

Acknowledgment of mdehtedness is also due to a number of authors and pub 
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CHAPTER I 


THE IMPORTANCE OF CARBOHYDRATES IN NUTRITION 

T he importance of carbohydrates id human nutrition has varied greatly 
at different times and in different parts of the world Grams, fruits, and 
vegetables are the natural foods which are high m carbohydrate content 
Meat, fish, and dairy products are relatively poor in this constituent Before the 
development of the m^em food processing and distnbutmg industry (and, at the 
present time, m those parts of the world which have not undergone this develop 
ment) the proportion of carbohydrate in the diet of any region was largely gov 
emed by the local flora and fauna Thus, even now the proportionate intake of 
carbohydrate is high m tropical countnes, where vegetation is liminous and 
where the climateleadstorapid spoilageof meat products For theobverse reasons, 
the inhabitants of the Far North have always lived on a diet which consists chiefly 
of meat and fish Adequate nutrition is possible at both extremes of this range of 
dietary variation, provided that the need for calories essential food factors, vita 
mms and minerals is met (i, 2 3, 4) 

Although there has been some change during the last fifty years m the food 
sources fiom which the carbohydrates ate derived, the proportion of carbohydrate 
in the dietary of the United States has remained at about 30-^0 per cent of the 
total caloric intake Since certain foods which are high m carbohydrate content 
are relatively inexpensive, the proportion of carbohydrate m the diet has been 
greater at lower economic levels than m the more prosperous groups of the popu 
laiion However, the poorer nutritional status of the lowest income groups is not 
so much a reflection of their high carbohydrate intake as it is a result of the par 
ticular foods from which they derive their carbohydrates The highly refined grams 
and sugars, which have been comracraally developed largely because of their re 
sistance to spoilage ate the cheapest sources of calories generally available But 
they have coinadcntally been depnved of most of the protective elements with 
which they are naturally assoaated, so that a casually seleckd high carbohydrate 
diet is hkely to be poor m the essential anuno acids, vitamins, and minerals {$) 

THE CABBOnYDnATES IH FOOD 

The particular carbohydrates present in the ordinary American diet, the food 
sources from which these carboh) diates are denved, and the quantitative impor- 
tance of each carbohydrate m the total intake are indicated m Table i 



Types and Sources oe CARsotiyDBATES in the American Dietary (6) 



>5 Cue and beet sngais, uoUsses, Glucose and fruc 

maple syiup tcse 

10 Milk and mJk products Glucose and galac- 

Negligible Malt products Glume 
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THE DIGESTION OF CARBOHYDRATES (7) 

The digestion of carbohydrates starts m the oral cavity Here the secretion of 
the parotid gland, which contains an amylase called “ptyalm,” is mixed with the 
food and begins the conversion of starch, glycogen, and the dextnns mto maltose 
This digestion continues in the stomach until the hydrochloric acid which is se 
creted there destroys the amylase activity and substitutes acid hydrolysis for 
enzymatic sphttmg If continued long enough, the acid hydrolysis can reduce all 
the digestible carbohydrates to the monosaccharide stage However, the stomach 
usually empties itself before this can occur, and the digestion of carbohydrate is 
taken up by the enz3mies of the small mtestine, operatmg m the more alkalme 
medium which prevails there The enzymes lo the small intestine are an amylase 
secreted by the pancreas, and an amylase, a maltase, an invertase, and a lactase 
secreted by the wall of the small bowel All these enzymes are capable of sphttmg 
the particular sugars which they attack to the monosaccharide stage 

We have accounted for the digestion of starch, glycogen, the dextnns, and the 
disacchandes Those sugars which are ingested in the form of monosaccharides do 
not require digestion AH the remainmg carbohydrates pass through the stomach 
and small intestine unchanged In the large bowel they are subjected to the eiizy 
matic influence of the profuse bacterial flora which is normal there, and they may 
be broken down to monosacchandes to some extent It is possible that minor 
amounts of carbohydrate are made available in this manner for absorption into the 
blood stream (see Fig i) 

THE ABSORFTION OF CARBOHYDRATES 

The monosacchandes, ingested as such or arising from the digestion of carbo 
hydrates, are practically completely absorbed in the small intestine Small 
amounts may be absorbed from the stomach It is also possible to show that, 
when solutions of monosacchandes are introdured into the large bowel for experi 
mental or therapeutic purposes, some sugar can be absorbed from this portion of 
the gastro intestinal tract (8, 9) 

Two types of absoiption occur m the small intestine (o) a specific absorption 
of particular monosacchandes, probably involving a phosphorylation process, 
and (fc) a non specific absorption of all monosacchandes, by diffusion resulting 
from osmotic forces across the mucous membrane (10, 1 1) Glucose, fructose, and 
galactose are absorbed by both processes Consequently, the absorption of these 
sugars differs m two respects from that those sugars that are absorbed by dif 
fusion alone they are absorbed more rapidly, and their rates of absorption are 
largely independent of their concentrations m the intestme (12) The explanation 
for the greater efficiency of specific absorpUon is apparently the coupling of the 
monosacchande with phosphate as soon as it diffuses into the wall of the mtestine 
This phosphorylation is a rapid process, so that the gradient of the concentration 
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of free sugar between the lumen and the wall of the gut is much steeper than when 
absorption proceeds by diffusion alone 
The actual rates of absorption of the three monosaccharides which are phos 
phorylated vary rather widely, thou^ all are much higher than the absorption 
rates of such monosacchandes as mannose or the pentoses, which are handled 
by diffusion Thus it has been shown m rats that, if the rate for glucose is repre- 
sented as 100, that for galactose would be no, for fructose 43, and for mannose 
and the pentoses only 9 (tj) There are few reliable data on the absolute rates 
at which the vanous monosacchandes can be absorbed from the gastro intestmal 
tract of the human being under normal circumstances The best available evidence 
from the work of Groen (14} indicates that the rate of absorption of glucose from 
a 50 cm length of jejunum (small intestine) is about 8 0 gm per hour, that for 
galactose, about 9 5 gm per hour, and that for fructose, about 5 gm per hour 
These rates are for concentrations of sugar of 10 per cent and above Below 10 per 
cent the rate of absorption varies directly with the concentration 
From the practical standpoint the figures quoted above may have little re 
lationship to the rate at which a monosaccharide enters the blood stream, wheth 
er eaten as such or arising from the processes of digestion under the usual con 
ditions of feeding Under the latter circumstances the time which elapses be 
fore it IS absorbed from the gastro intestmal tract will be governed largely by 
(0) the rate at which it enters the small intestine and (6) the mixture of foods in 
the small intestine at the time of absorption The rate at which the sugar ar 
nves at the small intestine depends largely on the motility of the stomach and 
the control of the pyloric sphincter, which can be affected by such vanous phe 
nomena as hunger, emotion, local irritation (including condunents), and the com- 
position and consistency of the food mass after mastication (15) The food mix 
ture m the small intestine affects the rate of absorption by competition of the 
various constituents in the mixture for the absorbing surface of the mucosa and, 
in the case of those monosacchandes which are specifically absorbed, by competi 
tion for the available phosphorylatuig capacity (13) 

Other factors which mfluence the amount of carbohydrate absorbed in a given 
mdividual at a particular tune are (o) the normality of the mucous membrane 
of the small mtestme and the length of tune duruig which the carbohydrate is in 
contact wifli it, {V) endocrine function, paiticalaily that of the antenoi pituitaTy 
gland (16), the thyroid (17), and the adrenal <»rtex (18) , and (c) the adequacy of 
vitamm mtake, espeaally that of the B complex {19, 20, 21) Smce tlie absorption 
of the unportant end products of carbohydrate digestion requires chemical ac 
tivity by the mucous membrane, it is obvious that any abnormality of the muco 
sal cells might interfere with carbohydrate absorption Enteritis (inflammation) is 
a not uncommon disturbs ice of this kmd Coeliac disease (22) may represent a 
more obscure disturbance of a sunUar nature However, even when the mucosa is 
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nomia!, an excessive rate of movement of the carbohydrate along the gastro in- 
testinal tract, accompanying diarrheas of various ongins, may huny a portion of 
the ingested carbohydrate mto the large bowel before it can be absorbed 
Normal absorption of carbohydrate does not occur m the presence of an anterior 
pituitary defiaency This probably dqiends, for the most part, upon the secondary 
hypofunction of the thyroid gland, for the same result may be obtamed after re- 1 
moval of the thyroid gland when the bypcphysis is intact Furthermore, the de 
feet m absorption accompanymg hypopituitarism may be reheved by the adminis 
tration of thyroid extract (i6) Indeed, Althausen and co workers (17, 23) have 
attempted to make use of this phenomenon as a climcal test of the state of ac- 
tivity of the thyroid gland They admmister a standard amount of galactose by 
mouth, follow the nse of galactose oncentration in the blood, and use the rate 
of the latter as a criterion of thyroid function 
The adrenal cortex influences carbohydrate absorpUon through its regulation 
of the sodium chloride (NaCl) exchange in the body The absorption of carbohy- 
drate from the intestine is subnormal m adrenal cortical deficiency but can be 
restored to normal without the use of adrenal cortical extracts if the NaCl of the 
blood is raised to normal levels by adequate salt intake (18) 

Insulin, which has such an important influence on other aspects of carbohydrate 
metabolism, is without apparent eSect upon the absorptive capaaty of the in- 
testinal mucous membrane 

Deficiency of the B complex is assoaated with dimuiished absorption of the 
hexoses (19) Recent work on this subject has been concerned with the separate 
effects of the various pure components of the complex Thiamine, pantothenic 
aad, and pyndoxine affect absorption Riboflavm is without action (20, 21) 

THE DISTRIBUTION OE CARBOHYDRATE IN TrfE BODY ITS FUNCTIONS AND USES 
In order to understand the disinbution of carbohydrate m the body and appre 
aate its particular functions and uses, it is necessary first to consider the relation 
of carbohydrate metabolism to that of the other two major foodstuffs 
Vrotem constitutes 75 per cent of the dry weight of the soft tissues of the body 
(24) In view of the recent knowledge as to the protein nature of the tissue en 
aymes. it is a fair generalization to say that the proteins, together with the hor 
mones, vitamins, and mmerals, constitute the metabohe machinery of the body 
In emergencies a certain amount of the protein machinery can be broken down 
and converted into fuel * However, the amoimt of body protein which is available 
for this puipose at any one time is strictly limited as is also the length of survival 
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during exercise indicates that it is of secondary importance, probably to supply carbohjdrate 
or carbohydrate intermediates The results of experiments on fat utilization during muscular 
work have demonstrated that this substance « used indirectly There is no experimental evn 
dence at the present time for the direct Ublttation of fat b> mammalian muscle However, the 
indirect utilization of protein or fat must be an effiaent process since the exclusive feeding of 
these substances to man does not have a marked effect on muscular efficiency during short 
periods of exerase 

The significance of the foregoing from the standpoint of nutrition is obvious 
If carbohydrate is not available in foods, it must be made by the body from those 
materials which are in the diet, in order to satisfy the fuel requirements of the 
active tissues The eating of adequate amounts of carbohydrate therefore spares 
the body the work of making its fuel This role of carbohydrate is naturally more 


TABLE 3 

DlSTRIBUTIO*! OF CARBOinTDRATE IN VARIOUS TISSUES OF RAT, DOC AND MAN 
(Figures Represent Ranges Found on a hfixed Diet) 



* Fipirei la pstentbese* refer (a bib! eprapb eat references et end oi ebsMer 


important dunng moderate or severe muscular exertion than when the body is at 
rest The great demand for fuel accompanying muscular exercise may rapidly ex 
haust the carbohydrate stores This is evidenced by a decrease m glycogen con 
tent of the hver and muscles and, if the exertion is sufBaently severe and pro- 
longed, may result m an abnormal lowering of the blood sugar level (41) These 
phenomena are accompanied by increased breakdown of body protein (which is 
reflected m an mcreased excretion of nitrogen in the urine [40]) and by an ac 
celerated breakdown of body fat (as evidenced by a nse of the level of ketone 
bodies m blood and unne (42]) When violent exercise is preceded or accompanied 
by a large mtake of carbohydrate, the body works somewhat more effiaently, as 
judged by the calories emended per unit of oxygen intake The increased nitrogen 
excretion and ketone formation are also mmimixed The latter two effects of car- 
bohydrate are examples of its protein sparing and its antiketogenic actions 
The efficiency of carbohydrate as a fuel —It has been noted above that carbohy- 
drate IS a more effiaent fuel for muscular exerase than either protein or fat This 
does not imply that portions of the protein or fat molecules are wasted when they 
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are used It does mean that the protein and fat molecules, when used asfuel, > leld 
less than thesr total calonc value in the fonn which can be used by muscle The 
remainder is used for the conversicm of these molecules into suitable fuel These 
conxersions occur largely m the Irvcr, iriuch supplies the other oigans with fuel 
by way of the blood stream 

Since the amount of glycogen present m the muscle at any one time is sufficient 
for only short penods d work, the carbohydrate used by the muscle must eventu* 
allj come from the blood sugar The glycogen withm the muscle cells may be 
reasonably supposed to serve best in emergenaes, when the muscle is unable to 
draw sugar from the blood as quickly as needed But, as a matter of fact, glycogen 
IS more than merely a conveniently packaged form of carbohydrate lying on the 



Fio 1 — ^tecb»tuca! uitogy litustnong tbe sdTtcUgt of tusu« glycogta ovtr blood sugar in 
cmtrgrecy futl (Scakin (4<} ) 

pantry shelf It is now known that moreeneigy is denvable from a certam amount 
of gly cogen than from an equivalent amount of blood sugar It requires a certam 
amount of energy to bnng the blood sugar into the metabolic system of the 
muscle (as hexose-6 phosphate Usl). “>d therefore all the energy ufficrent in the 
glucose IS not aiatlablc for useful work On the other hand, the breakdown of 
glycogen to the same stage does not require the addition of energy and hence 
makes all its inherent energy quickly available {43) This is not to say that one 
gets something for nothing from ^ycogeo, for some energy was required to build 
up the gl) cogen m the first place Butthisenergj was expended during a quiescent 
period when plenty of it was avadaUe 

The above situation is analogous to that portrayed m Figure 2 (44) Here the 
water m the well represents the Wood sugar, the pump stands for the phosphory- 
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latmg mechanisms, and the tank on the roof represents the glycogen store It is 
readily understandable that, when the tank contains stored water, the tap can 
deliver a rate of flow far beyond the rate capacity of the pump The water stored 
during periods when the tap is dosed is at a higher level than the original source 
of the water and also stores some of the energy apjjUed by the pump This poten 
tial energy is released when the tap is evened Too great an outflow from the tap 
may, of course, exhaust the stored water and reduce the flow from the tap to the 
rate at which the pump is capable of operating A similar situation may occur in 
musde when excessive rates of work over prolonged periods are attempted 

The application of these physioli^cal facts to clinical phenomena is exempli 
fled by the greater stores of glycogen and of phosphate esters found in the musdes 
of animals which have been trained to perform prolonged work (45) This prob 
ably also applies to the physical abilities of manual laborers and of athletes Con 
versely, the charactenstically low muscle glycogen levels found m pootly con 
trolled diabetic patients and in byperthyroid individuals are accompanied by 
muscular weakness 

Specidl Junctions of carbohydrate in the liver — Aside from its use as fuel m the 
liver, carbohydrate m this organ baa protective and detoxifying actions and a regu 
latmg influence on protein and fat metabolism 

The liver of a well fed normal animal contains a high percentage of glycogen, as 
compared to any other tissue It is known that such a liver is more resistant to 
various types of noxious agents than one which has been deprived of its glycogen 
by starvation or disease This has been shown in animals for such various types 
of poisons as carbon tetrachloride (46), alcohol (47), or arsenic f4S) and m 
man for a variety of diseases accompanied by toxemias of bacterial origin (49, 50) 
The defenses of the liver against toxic agents are of great importance to the body 
as a whole, for it is one of the chief functions of this organ to remove or destroy 
such toxins before they reach other vital tissues which are not equipped to deal 
with them From this point of view, the maintenance of a high glycogen level in 
the liver is an essential for the health of the whole organism 

It IS now known that most of the glycogen of the liver is present in the form of 
a complex with protem (51) It is a reasonable assumption that, just as the pro 
tern part of the complex stabilizes the glycogen, so ^e glycogen would tend to 
protect the protein More definite knowledge is available as regards the role oI 
carbohydrate m specific chemical reactions which transform certam poisons mto 
relatively innocuous substances One such mechanism is the conjugation of gly 
curonic acid derived from carbohydrate with poisons which possess a hydroxyl 
group (52, 53) Indeed, this mechanism is one the means by which the body 
regulates its steroid hormone metabolism and protects itself from the harm which 
could, result from an excess of the sex honnwjes (54) It is also possible that the 
carcinogenic substances of the steroid type might be disposed of m the same man 
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carbohydrate metabolism 

different foodstuffs which are prepared by the hver for use as fuel by the pcnpher 
al tissues 

In discussing the special functions of carbohydrate in the hver we have referred 
both to Its “glycogen content’* and to the “availability” of carbohydrate to this 
organ These terms may or may not be synonymous, for it is still not known 
whether sugar may be used directly by the hver cells or must first be built up to 
glycogen In any case, the glycogen content of the liver is a good index of the 
amount of carbohydrate which is available to the hepatic cells, and from a nutn 
tional standpomt it is important to remember that carbohydrate is the foodstuff 
which leads to the highest levels of liver glycogen Fairly good glycogen stores in 
the liver can be obtamed when protein is predimiinant in the diet, while a high fat 
diet results m a hver which is poor m glycogen (62, 6j) The medical uses of the 
high carbohydrate diet or of the intravenous admmistration of dextrose solution 
are directed toward the protection of the hver by msurmg rich glycogen stores 
(50) Protein has been used with the same ultimate purpose in mind, but it is less 
effective, probably m proportion to its convertibility to sugar 

Carbohydrate and the heart — ^Tbe previous discussion of carbohydrate as the 
most efficient fuel of muscular exercise, and of the muscle glycogen as an important 
emergency source of contractile energy, appbcs m even greater measure to cardiac 
muscle than it does to skeletal muscle The latter con msomemeasure accommodate 
Itself to a decreased supply of carbohydrate by decreasing its work The heart 
cannot stop to rest A temporary reduction m the supply of sugar to the normal 
heart (as m induced attaiis of hypoglycemia) has little apparent effect on the 
organ, although a definite change in the electrocardiogram may be noted (64) 
The apparent lack of influence of hypoglycemia on the normal heart may be due 
to the good glycogen stores to be found there But, m the heart which is damaged 
by disease and m which the initial glycogen stores are poor, hypoglycemia may 
precipitate stenocardial symptoms with angma and may even result m death 
This has been noted for diabetic (65), as well as for non diabetic, cardiac patients, 
and m both it has also been observed that they may do better when the blood 
sugar IS somewhat elevated even above the normal range High carbohydrate 
therapy has been successfully used on this basis (66) 

The tndispensabtltly of carbohydrate to the central nervous system —Of all the 
organs and tissues m the body, the central nervous system is most dependent upon 
the mmute by minute supply of glucose from the blood In connection with the 
discussion on the fuel of muscular exercise it was stated that carbohydrate was of 
pninary importance, while protein and fat could be used only mdirectly As re 
gards the central nervous system, it has been well established that only carbohy- 
drate can be used (67, 68, 69) The need of nerve Ussue for glucose is even more 
specific than the previous statement would mdicate It is true, when shces of brain 
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tissue are studied tn vitro regarding their abihty to maintain respiration at the 
expense of various substrates, that a number <rf degradation products of glucose 
will serve as well or better than glucose itself (67) However, none of these inter 
mediates ba\ e been shown to have any ameliorating effect upon the hj^ioglycemic 
symptoms caused by lowering the blood sugar level m vtvo (jo) In other words, 
glucose as such has a speafic influence and is indi^nsablc for the maintenance 
of the functional integrity of the nerve tissue WTien the blood sugar is lowered in 
a hvmg organism, those tissues which have ample stores of glycogen may use the 
latter to tide them over the lean period The nervous tissue has little ^ycogen, 
and It is doubtful whether the bttle which is present can be mobilized for use m 
emergencies The glycogen content of nervous tissue remains more or less con 
stant under most conditions, mcludmg h3Tierglycemia and hypoglycemia, and 
may be largely an mtegral part of the nerve structure (34) The unavailability for 
metabohe use of the glycogen present m the nerve cells is evidenced by the dra- 
matically rapid development of hypoglycemic symptoms when the blood sugar 
is lowered 

THE TRANSFORMATION OF CARBOHYDRATE INTO FAT 

In the previous discussion of fat as a fuel storage material it was pointed out 
that, when food m excess of calonc expenditure is ingested (whether in the fonn 
of carbohydrate, protein, or fat), the equivalent ^ the excess calones is deposited 
as fat m the adipose tissues With this m mind, it 1$, strictly speaking, incorrect to 
label any of the foodstuffs as being particularly “fattening ” Any one of them can 
be so if taken m suffiaent quantities But because of its proportion in the diet, 
Its lower cost, and its use m confections, carbohydrate is quantitatively the most 
important precursor of fat 

The fat which anses from carbohydrate in the body is the so-called “hard’* fat, 
composed, in the mam, of the highly saturated palmitic and stearic acids (71) 
This is probably of more concern to stock raisers than to human nutritionists 
The former have long known that they could control the physical qualities of the 
fat in meats by varying the proportion of carbohydrate and of oils in the diet of 
their animals Of course, carbohydrate cannot completely substitute for fat m the 
diet, since it does not carry with it the essential fatty acids and the fat soluble 
vitamms, which cannot be manufactured by the body 

•tin. TKTESSXIATWIM OT CARSOOTORATE ASD YROTSIK l£E.TAROUSl& 

Earlier wnters on metabolism have talked somewhat loosely of the formation 
of protein from carbohydrate Stnclly speaking, such a transformation does not 
occur, because the ammo groups which characterize the building stones of pro- 
lems are denv ed from ammo aads or proteins which are mgested as such Schoen- 
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heimer (25) demonstrated that* ^hen ammonium salts are ingested, the NH, 
may combine with carbohydrate dcnvativw to form ammo acids But what ordi 
narily occurs is the exchange of the ammo group of an ammo acid with the keto 
group of a Leto acid (derived from carbohydrate), a process known as “transami 
nation ’ (72, 7^) In this process the carbon residue of the ammo acid reverts to a 
carbohydrate latermediate, that there is not necessarily any quantitative m 
crease in the amount of protein precursor resulting from the reaction What the 
body gams from the interchange is the ability to transform one amino aad, which 
It may have in excess to another, which it may need For example, by exchanging 
with o ketoglutarate, alanine may be transformed to glutamic acid, with pyruvnc 
acid as the by product (Fig 3) 


!r= 

o 

COOH CHi CHt C COOH 
(a Ketoglutanc Acid) 

I NH, 

I I 

COOH CH, CH» CH COOH 
(Glutamic Aad) 


CH, CH-COOH 
(Alanine) 

f 1 

CHi'C.COOH 
(Pyruvic Aad) 


Fio ) —Example of iransammatmo 


niE IMPORTANCE OP IDE VITAMIN B COMPLEX 
IN CARBOHYDRATE NUTRITION 

It IS now known, that many members of the vitamin B complex play ati integral 
part m carbohydrate metabolism and that the requirement for this group of vita 
mms depends upon the amount <rf carbohydrate which is eaten Since this is so, 
why did not the knowledge of its existence arise much earlier m human experience 
and why did not the race suffer from the lade of such knowledge? The answer to 
these questions lies in the fact that it n only in comparatively recent times that 
the natural union between the vitamm B complex and carbohydrate, which exists 
in whole gram and plants has been broken by the industrial processing of foods 
Before this occurred, the supply of the B vitamins was automatically adjusted to 
the amount 0/ carbohydrate eaten, so that the occurrence of vitamin B defiaency, 
with its consequent disturbance m nutrition, is a comparatively recent develop 
ment m the Western world In the Onent the earlier large scale introduction of 
pobshed nee led to the first known instances of vitamin B deficiency (ben^rt) 
and, indeed to the first recognition of the existence of this group of vitamins (74) 
The vitamins, as the name signifies, were first regarded as mysterious elements, 
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essential for life As the different vitamins -were suctsssfuUy recognued and ex- 
tracted m concentrated form from their natural sources, experimentation with 
these products led to the recognition of definite dmica! syndromes resultmg from | 
their lack and cured by their admmistration More recently the actual chemical 
identitj of many of the vitamms has been established, and a number of them 
have been synthesized Comadentally vnth the latter ev ents, the development of 
tissue-enzjTne chemistry has revealed a great deal about the chemical steps 
through which the foodstuffs are broken down and used for energy It is now 
known that each of the chemical steps is accomphshed by the activity of one or 
more enzymes (protein catalysts) and that each of the enzjxnes requires one or 
more cofactors for its optimal activity In some mstances the cofactor is a simple 
mineral substance, like iron or magnesium or phosphorus, m other cases the co- 
factor IS a more complex organic substance, known as a “coenzyme ” Thus far, 
those vitamms whose functions are known have been found to be coenzyraes or 
to give rise to coenzymes in the body {75) 

Figure 4 outlines the known steps in the breakdown of catboh>'drate and indi 
cates the points at which the various components of the vitamm B complex play 
an essential role The role of various mmerals m carbohydrate metabolism is sum 
larly indicated It may be seen that definite knowledge is available regarding onlj 
three B factors, namely thiamine nicotinic acid, and nbofiavin It is to be ex- 
pected that similar functions will eventually be found for the other factors m the 
B complex 

Since the breakdown of carbohydrate 1$ essentially similar m all tissues and or- 
gans, It follows that a vitamin B defiaency wdl unpair carboh> drate metabolism 
m every structure of the body The cluiical syndromes which have been de- 
scribed are, therefore merely the most obvious manifestations occurrmg m those 
tissues and organs that suffer most aculelyand that are most easily accessible to ex 
amination Consideration of Figure 4 also shows the fallacy of regardmg any single 
factor of the B complex as more important than another, for the normal chain of 
events can be broken by a lack of any one of them For this reason and until we 
ha\ e isolated and know the precise function and optimal proportion of each com 
ponent part of the B complex, a natural source contammg all the factors remains 
the best protective dietary supplement with which to avoid the evils of modern 
food refinement 

vsxiuiAXivys os si'sm.w sooaws wiKza 

In the previous section on the distnbutiun of carbohydrate in the body it was 
pointed out that all the hexoscs alisorbetl from the gastro-intestinal tract are con 
verted into either glucose or glycogen This conversion, which takes phcc largely 
in the liv er, is ordinarily so efficient tliat there is little need to consider any other 
fate which sugars like fructose and galactose may undergo However, under special 
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arcumstances •when the function of the h'ver is unpaired or when these sugars en 
ter the blood m overwhelming quantities there occur mterestmg anomalies of 
carbohydrate nutrition which deserve some bnef mention Lactose is also of mter 
est because of its formation in large quantities by the lactatmg breast of the fe 
male at which tune it may appear in the blood and the unne The pentoses are 
sometimes involved in a hereditary anomaly of metabohsm 
o) Fructose — ^While the conversion of fructose to glucose occurs largely in the 
liver, there is some evidence that it may take place to a smaller extent in the m 
testinal mucosa and the kidney (28 29 76) Recent work mdicates that there are 
probably two chemical pathways from fructose to glucose m the hver The fruc 
tose may be phosphoiylated to fructose 6 phosphate which is converted to glu 
cose 6 phosphate and then ^ht by the bvet phosphatase to yield glucose (77) 
The phosphoiylated fructose also appears to be more readily degraded to lactic 
aad than is glucose 6-phosphate Hence when fnictc^ appears m excess in the 
blood It IS accompamed by a nse m lactic aad (78) Srane of the latter may be 
converted to glucose or glycogen by the liver 
When any of the foregoing hepatic mechanisms are unpaired either by hver 
disease or by a hereditary anomaly known as essential f ructosuna there is diffi 
culty m disposuig of the fructose taken m through the gastromtesUnal tract and 
It accumulates as such m the blood (79) Smee it is a substance which is not held 
back by the kidney as effiaently as is glucose it app^rs m the urme m abnormal 
quantities Fructose is a reduemg sugar which is not distinguished from glucose 
by the routine chemical tests From the medical standpoint it is therefore rnipor 
tint not to confuse fructosuria with diabetes mellitus 
b) Lactose and galactose — Lactose is split into glucose and galactose m the proc 
ess of digestion It may therefore be considered together with the galactose which 
IS ingested as such However the presence of lactose m milk and milk products 
renders it much more important than galactose from the nutntional standpoint 
Lactose also has the special virtue of altenng the intestinal flora in such a manner 
as to produce a more acid environment which fa\ors the more complete absorp 
tion of mgested calcium (80) 

There is some recent evidence that suggests that galactose is con\ erted to glu 
cose m the hver by phosphoiylatmg steps similar to those desenbed for fructose 
(81) Little beyond this is known For example the lactatmg breast manufac 
tures lactose and presumably has galactose available for the purpose (82) but it 
15 not known whether all the galactose is made m the breast or whether some of it 
originates in the hver and is transported to the breast Both lactose and galactose 
may be found in the blood and urine of lactatmg females so that the mere pres 
ence of these abnormal constituents does not gi\e any indication as to their site 
of origin As wth fructose it is of importance medically to distinguish between 
galactosuna lactosuna and glucosuria 
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In the previous discussion of the special functions of carbohydrate in the hver 
mention was made of its protective and antiketogenic action Liver glycogen that 
IS formed as a result of the intake of galactose or of lactose may perhaps be more 
beneficial to the organism than glycogen that originates from other materials 
This is because, for some unknown reason, the “galactose glycogen” is more stable 
It has been shown that, when galactose is administered to animals together with a 
ketogenic agent, the ketosis which fcdlows is less than when glucose or fructose 
are similarly administered (15) 

c) P entoses — In contrast to the hexoses, which are important energy materials 
the five carbon atom sugars are much more important as part of the machinery 
of the body Pentoses are incorporated in at feast one vitamin fnboflavin), several 
tissue coenzymes (diphosphopyndine nucleotide, triphosphopyridine nucleotide, 
and alloxazine adenine dinudeotide), and all the nucleoprotems However, when 
pentoses as such are ingested, they are not utilized but are eliminated, more or 
less quantitatively, m the urine and feces It is possible that the pentoses which 
are eaten in combined form as part of natural food constituents (nboflavin and 
the nucleotides, for example) do contribute to the pentose content of the tissues 
It IS known that the body is able to synthesize pentoses for itself from glucose by 
way of glycuronic aad (83) The hereditary anomaly known as “essential pento 
suria” IS as yet unexplained 

SUUUARY 

We have seen that carbohydrate is not only the primary fuel of the body 
but is also involved m important portions of its functional machinery The catbo 
hydrate stores, though relatively small as compared to fat, play a protective role 
in some of the most vital organs They may be of the utmost importance when a 
rapid source of energy is required, to enable the ojg^anism as a whole to cope with 
an emergency in its environment Depute all this, however, the evolutionary 
processes have resulted m so flexible a metabolic system that the higher mammals 
and man can get along very nicely when little or no carbohydrate is available Un- 
der these circumstances the body makes its own carbohydrate fuel from non car 
bohydrate materials But this is a wasteful process, because some energy must be 
used for the conversions, and there is more wear and tear of the metabolic ma 
cbmery 

If, with the foregoing considerations in mind, we could divorce ourselves from 
previous dietary experience and were to attempt to construct an ideal adult diet, 
we would choose the following 

1 Protein sufficient in quantity and quality to repair the protem machinery 
from day to day, and a little extra, to be on the safe side In the same category 
we would place a sufficiency of all the vitamins and minerals 

2 Enough fat to carry the essentia] fatty acids and fat soluble vitamins and 
to make it unnecessary to eat too large a bulk of other food 
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3 Carbohydrate sufBaent to supply all the rest of the calories necessary to 
maintain weight 

The diet which has been outlined is a fau approximation of that which the hu- 
man race has actually adopted on the basis of experience, in those fortunate parts 
of the world where food resources are rich and the choice is not limited (84) 
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CEAPTER II 


THE ENZYMATIC MACHINERY OF CARBO- 
HYDRATE METABOLISM 

I N THE process of digestion or m the liver after absorption, carbohydrates are 
largely converted to glucose Hepatic gluconeogenesis leads to the same end 
product The further course of carbohydrate metabohsm is therefore chiefly 
concerned with the cheimcal transformations undergone by glucose These m 
dude the synthesis of glycogen and the formation of fat But more basic than 
either of these is the breakdown of the sugar to carbon dioxide (COj) and water 
(H, 0 }, with the liberation of the energy that supports the various functions of 
living cells 

Lavoisier’s analogy of the burning candle introduced the concept of oxidation 
in the living organism and the use of the term “combustion” to describe the ulti 
mate breakdown of foodstuffs m the body The analogy was apt and useful at the 
time The living organism, like the burning candle, required oxygen and produced 
CO} and HjO What could be more natural than the conclusion that the lungs 
served as a furnace, where the inspired oxygen united with carbon and hydrogen 
from the blood to produce beat, energy and the appropriate end products (i)? 
During the first half of the nineteenth century the discovery that the blood con 
tamed Oi and CO] resulted m a shift in the location of the theoretical furnace 
from the Jungs to the blood (2) However, the development of histological and 
biochemical techniques soon led to the realization that the individual tissue cells 
were the functional units of metabolism, while the blood served mainly as a medi 
um of transport (3) This, in turn gave birth to the vague and somewhat vitalistic 
conception of the ability of the body tissues to ‘ oxidize” food materials and to 
derive heat and energy therefrom At that time, the word “oxidation” was not 
used in the strict chemical sense of today As then used, it meant the simple addi 
tion of oxygen to molecules or carbon fragments of the original foodstuffs within 
the tissue cells, and the liberation of eneigy by complete oxidation of the food 
stuffs to CO, and H ,0 This conception, with little modification, has been earned 
forward in some wntings to the present day 

The work of Pasteur on yeast fermentation initiated a senes of scientific de 
velopments, which at first were apparently unrelated to the above but which 
eventually merged completely The epoch makmg discovery by Buchner (4) that 
a cell free extract of yeast could substitute for the living cell m the process of fer 
mentation showed that what had been considered to be a process inseparable from 
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lie IS, ailcr all, only a special kind of chemical reaction — a reaction that is cata- 
lyzed by a complex organic substance (enzyme) m the cell This paved the way for 
1 rational and materialistic explanation of cell processes Other enzymes were dis 
overed and isolated Evidence mounted that the chemical machinery of the liv 
ng cell consists of a senes of organic catalysts which operate on complex mole- 
cules, step by step, to produce simpler and more labile products It was realized 
that the enzymes made possible such dieimcal reactions in the cell as would other- 
wise require high temperatures or strong reagents incompatible with life The 
step by step catabolism controlled by the multiple enzymes also offered a rea- 
sonable basis for the regulated release of energy m small umts, a process which 
was much more reasonable, from the pouit of view of the use of such energy, than 
the explosive type of reaction, implied in the idea of “combustion ” 

By the early years of this century biochemists and physiologists using bio- 
chemical methods had collected a great deal of data concerning the kinds and 
amounts of intermediate metabolites present m the different tissues of the body 
under a vanety of conditions These data guided the enzyme chemists m the isola 
tion and study of the enzyme systems which were responsible for the various prod 
ucts The last ten to fifteen years have witnessed a tremendous and constantly 
accelerating growth in the application of enzyme chennstry to metabolic problems 
It has become evident that, m the process c^ed “oxidation’ m the tissues, molec 
ular oxygen does not interact directly with the foodstuffs (5, 6) and that COi 
largely anses by a splitting-off of carboxyl groups from lower metabohc inter 
mediates (7) It is with these and other fundamental enzyme reactions that the 
present chapter will deal 

NATURE or CELL ENZYMES 

The enzymes in the living cell resemble the known inorganic catalysts in that 
they are more or less specific for a particular chemical reaction or type of reaction, 
also, m that they are not measurably consumed by the reaction which they ac 
celerate All the tissue enzymes which have thus far been isolated and sufEaently 
purified that their essential nalutes are known have turned out to be proteins 
(8, 9) As more and more of the enzymes ha\e been recognized and studied, it has 
become less possible to distinguish between purely structural proteins constitut 
mg, as It were, the skeleton of the cell (10), and the enzyme proteins, representing 
the active organs of the cell In fact, a tabulation of the number of enzymes present 
m skeletal muscle and a calculation of the proportion of the total cell protein 
which enzymes must represent leaves Uttlc or no room for the presence of any 
purely structural protems (Table 4) (9 n) 

Studies of the optimal conditions for the actiMty of vanous enzyme protems 
have unco\-cfcd a number of other normal constituents of the living cell which 
must be present if a particular enz>-me is to exert its fullest effect In some m 
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stances these accessory substances are simple ions, like phosphate or magnesiutn, 
and are referred to as "cofactors” of the enzyme When the accessoiy element is a 
complex organic but non protein substance, it is known as a “coenzyme” (12) A 
protein enzyme (or the activatmg protem) together with its particular coen^mie 
and/or other cofactors is known as an “enqrme system ” 

THE ENZYME SYSTEMS INVOLVED IN CARBOHYDRATE METABOLISM 

The following is a list of the various types of enzymatic reactions which are 
known to be involved m the breakdown and synthesis of carbohydrates m mam 
mahan tissue The enumeration is followed by a brief description of the nature of 
TABLE 4 

Proportion of the muscle Protein Accounted for by a Few 
OP THE Many Known Enzyme Systems* 
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each reaction and an important example of each type, including mention of the 
coenzymes and cofactors involved 

j Oxidation (oTidoreduction) 5 InuamoJecular phosphate transfer 

a Decarboxylation (oxidative and non 6 Deamination 

oxidative) 7 Amination 

3 Carbon dioxide assimilation (addi 8 Transamination 

tion of CO,) 9 Hydrolysis 

4 Phosphorylation and phosphorolysis 

I Oxidation — The term “oxidation” may be applied to a reaction when there 
IS (a) the addition of oxygen atoms to a substance, (b) the removal of hydrogen 
atoms from a substance, or (c) the removal of electrons from a substance (13, 14) 
The transformation of lactic to pyruvic aad is such a reaction and may be indi 
cated as follows 

I mol lactic acid - 2 hydrogen atoms =• i mol pyruvic acid 
The hydrogen is not given off m gaseous form but rather in the form of hydrogen 
10ns and electrons This means that for each hydrogen ion one electron is also re- 
leased The correct chemical notation for this reaction is therefore 


CH, ■ CHOH ■ COOH - 2H+ - 2. CH, - CO • COOH 
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Since this particular oxidation consists of the removal of hydrogen atoms, it is 
often lefmed to as a “dehydrogenation ” 

Xaclic acid, dissolved in H ,0 and with free access to oitygen at C , will be 
oxidized to pyru% ic acid at such a slow rate as to be hardly measurable But when 
a specific protein derived from animal or plant cells is added to the solution, sig- 
nificani amounts of pyruvic acid appear in a matter of minutes (15) This influ- 
ence of the activating protein or en^me may be regarded as one which loosens the 
bonds joining the two hydrogen atoms to the second, or aC, atom of the lactic acid 
molecule More accurately stated, the activating protein changes the form of the 
electron energy, uniting the hydet^n and carbon in such a way as to increase the 
tendency of the hydrogen atoms to fly off (16) Thus any suitable chemical sub 
stance which can bind the hydrogen atoms (hydrogen acceptor) will remove the 
“loosened hydrogen from the orbit of the lactic acid, leaving pyruvic acid (I ig 
5) (17, 18, jq) 

The hydrogen acceptor necessary for the above reaction is diphosphopyndinc 
nucleotide (DBN) (Fig 6) (i 5) This, then, is the coenzyme which, together sntb 
the protein, makes up the lactic acid oxidase (or dehydrogenase) system Despite 
this nomenclature, hoviever, the ^tem is reversible and will actually reduce py- 
ruvic acid to lactic acid under the proper conditions (17) The direction of the reac 
tion depends largely on whether the DPN is present m its oxidized or reduced form 
(asDPNorasH.DPN) which, in turn depcndsuponwhethcrothersystemswhich 
can remove the hydrogen from DPN are present (ae, ax) For example, the activ- 
ity of the lactic acid oxidase system in the living animal is most frequently ob 
served during relative or absolute anoxia m skeletal muscle when the H.DPN 
cannot readily be rcoxidizcd and hence serves to convert pyruvic aad to lactic 
acid In chemical notation the reaction may therefore be represented somewhat 
more completely, as follows 

activating 

CH, CHOH C 0 QH 4 -DPN ! ^_ — T CH, CO COOH -f- H.DPN 
protein 

While the activating protein of the lactic acid oxidase system is completely 
specific for the one substrate, lactic acid, and is just as specific for the particular 
transformation of lactic acid which wc have described, the coenzjTne is less dis 
cnmmatmg U also «;tvcs as a hydrogen acaqrtor for other reactions (sec Table 
si Each of these reactions is catal>-zed by a separate activating protein in combi 
nation with DPN Some biological oxidations are earned on by sj-stems consisting 
of proteins and TPN (see legend to Fig 6) These twogroupsconstiiutethe class 
of pjj'Tiduioprolcin cni>tncs (ai, aj) Another group of oxidation systems arc 
known as the “>el!ow enzymes — proteins combined with alloxazine derivatives 
(Fig 7), which arc jellow m aqueous solution (24, 25) 




Ftc j— Aschematicrepreseatatcn of ficconfigimUaoofanwjaj-zneproteD (n>agaia/y) sliowio* 

the manner h ch it is thought to anchor the substrate and the coenzyme and to facil tate the inter- 
action betn eea the free groups of both 
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The % anous oxidation systems that have been listed are responsible for the re 
moval of hydrogen from idl substrates and intermediate substances whose meta 
bolic fate is known The hydrogen removed from the original owner, while under 
the influence of a specific protein, is simply transferred to the coenzyme of the 
system, be it DPN, TPN, or an allozazine It will be noted that no mention has 
been made of the appearance of otygen upon the scene As a matter of fact, the 
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hydrogen seized by the coenzyme is passed on through a series of other systems in 
the manner of a bucket brigade before it finally arrives at the point where it may 
combine with oxygen to form H »0 This will be discussed in detail later (p 41) 
2 Decarhoxylalion —Carbon dioxide is one of the end products of the complete 
breakdown of foodstuffs It is not formed as was formerly thought by the direct 
oxidation of the carbon by molecular o^gen but arises from the splitting off of 
carboxyl groups (-COOH) from mlermediate organic acids which arise m the 
course of catabolism (7) The exact mechanism of decarboxylations is as yet ob 
scure but we can distinguish two types the oxidative and the non oxidative In 
the first of these the COj is qilit off a molecule while at the same time hydrogen 


CH,— 0-R^0~P-0~CHt 
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Fig 7 — Alloxiiz ne adenine diaudeoOde (flav n) H “ hydrogen atoms from substrate 


atoms are removed from another group m the same substance For example 
pyruvic acid CHj CO COOH containmg three carbon atoms is oxidized to 
acetic aad CHj COOH which contains only two carbon atoms the third having 
been split off as CO, (44 45) In chemical notaUon this double process of oxida 
tion plus decarboxylation can be presented as follows 


CH, ^ COOH + H,0->CH, C CX)OH - ( 2 H+ + ! ) -* CH, ?+ CO, 


OH 

/ 


Pyruvic 




Acetic\ 

OH 


In the second type of decarboxylation there is no 


concurrent oxidation Agam 


ENZYWATIC MACHINERY OF CARBOHYDRATE MFTABOLISM 33 


using pyiuvic acid as an example this type of decarboxylation proceeds as follows 

(46. 47) 

CH, CO COOH-^CH, CHO + CO, 
pyruvK Acetaldehyde 

Just as m the oxidations the various decarbo^lations are catalyzed by specific 
activating proteins and the process is aided by coenzymes and cofactors The co 
enzyme needed for the decarboxylation of pyruvic acid is diphosphothianime 
(also called “cocarboxylase ) (Fig 8) Magnesium ion is also an essential compo 
nent as a cofactor m the foregoing systems (46 48 49) 

N-=CH I 

H,C-C ^CHt-N O-CH, OH OH 

C C-CHr-CHr-O-P-O-P-OH 
1 \ / a II 

H ^5/ O O 

Fio 8 — B phospbothiimuic (conrboiylase) 


Although the splitting off of CO, is not so well understood a process as is oxida 
tion a number of substances are known to undergo this process (Table 6) It 
seems quite definite that m aU cases the production of metabolic CO, proceeds m 
the fashion detailed (or pyruvic acid 

TABIX6 


BECAKBOXYIATIOI^S in iNTERUtnUKY CARBOHYDRATE UETABOL1S1I 


Pynivxte -* Acetate + CO, 

I^nvate -* Aldehyde + CO 
iSfuvate -* Acetylmethylcarbiaol + CO, 
ChuUceUte •* Pyruvate + CO, 

Isocitrate -* a ketoglutarate + CO, 
a ketoglutatate ■* Succoate + CO, 


R,I« DC, 

Lipmana (44) 

Green (4S) 

Green (50) 

U erkman and \\ ood ($1) 
Rrebs (7) 

Ochoa (5*) 


3 Carbon dioxide asjirntlalwn — It has been known for some time that CO, 
produced by the dissimilation of foodstuffs may combine with hemoglobin (car 
bamino compound) (53) ormay be used for the production of urea (54) It was sup- 
posed that by these and other means all the CO, produced by the mammalian 
organism was eventually excreted by the lungs and the kidneys Only plants or 
certain autotrophic bactena were thought to possess the ability to mcorporate 
CO, into usable cell products (51) In 1936 this ability u as first observed in bac 
tena (55 56), later it was confirmed for mamnuhan tissue (especially bver) (57, 
58) that certain in vtlro reactions undergone by compounds containing three car 
bon atoms (the tnoscs) could be speeded up if CO, were present m the medium It 
was shown that this was not a consequence of the mere presence of CO, but that 
the CO, took part in the reactions and was incorporated into other substances 
(SI. 58) 
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Again pyruvic aad wiU serve as a good example In the presence cf the specific 
proteins, diphosphothiamme, inorgaoic phosphate, and magnesium ion, pyruvic 
aad (a three carbon atom compound) and CO, will form oxalacetic acid (a four 
carbon atom compound) 

CHj CO COOH + CO,?sCOOH CH, CO COOH 

Pyruvic Oxalacetic 


This IS probably the first step in the senes by which pyruvic aad (or lactic acid) 
IS reconverted to sugar and glycogen (59, 60, 61) 

The use of CO, for synthetic purposes by the mammalian cell is only now being 
studied in detail But it has already taken on tremendous significance, since it 
completely reverses the hitherto firmly accepted view that CD, is merely a waste 
product of animal metabolism (7, 51) It particularly affects our outlook on in 
direct calorimetry (p 96) 

4a Phosphorylation — ^Earty in the devel(^inent of our knowledge of the cn 
zymatic breakdown of carbohydrates it was shown that the presence of phosphate 
was necessary for the fermentation of glucose by yeast extracts (62) and for the 
breakdo^vn of sugar that takes place in active muscle extracts (63) It was later 
demonstrated that the phosphate is used for the formation 0/ various intemedi 
aries of carbohydrate breakdown which were shown to contain phosphate m their 
molecules (63 64) Among such metabolites are the glucose and fructose mono 
phosphates fructose dipho^hate, glyceraldehyde phosphate, etc (cf p 50) 
The role of these phosphorylated intermediate substances in faahtating certain 
reactions and in the transfer of energy from one chemical reaction to another has 
only recently been elucidated We shall discuK these aspects m detail m the sec 
tion dealing with the utilization of metabolic energy (chap iv, p 60) For the 
present it will suffice to present the mechanics of phosphorylation by suitable ex 
amples 

The first step in the senes of reactions by which sugar enters the metabolic 
cycle of the cell is the addition of phosphate (P) to the sixth carbon atom of the 
glucose molecule (©5 66) The enayme necessary for this uiitial reaction m ammal 
tissues has not yet been punfied, but it apparently activates the glucose laokcule 
m such a way that it can receive a phosphate irom a suitable source. The pbos 
phate donor m this case is adenosine triphosphate (ATP) (Fig 9), whidi is the 
coenayme of this phosphorylation reaction In chemical notation the reaction may 
be represented as follows 


C6)CHjOH 0‘PO,H 

+ATP-.?'^4 '^i+ADP 

o'hXT ?/o'h 

V — I II 

H OH H OH 
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The coenzyme ATP has two phos]>hate groups, which can be split ofl easily in 
the presence ol the suitable enzymes (67, 68) 

ATP -♦ ADP -* AA (adenyhe acid) 

P, P» (inorcasic phosphate) 

But the amount of ATP present m the cell at any one time is very small as com 
pared to the amount of material to be phosphorylated Hence ADP and AA must 
be continuously reconverted to ATP (p 60) in order that the latter can ser\e as 
a continuous phosphate donor The central position of this adenylic system for re 
ceivmg and donating phosphate groups is illustrated in Figure 10, in which the 
direction of the arrows represents the direction of phosphate transfer 



I 

O-P-OH 

b 

H 


Adenosme Tnpbosphate (ATP) 


Fio 9~Thccoenzyine«]n(«mfi>rpbosrh°Ol<no°> 


4& Phosphorolysts — Gl) cogen is a complex molecule consisting of glucose 
units connected to one anither by glucosidic (C- 0 *C) linkages Two tjpes of 
linkages occur, the i 4 and the x 6 (6p 70), as illustrated m Figure 1 1 The gl> 
cogen complex is therefore, not a straight-chain polymier but a highly branched 
structure The breakdown of glycogen to hexose units is accomplished by two en 
1)11168 each of \ihtch is specific for one of the linkages The belter studied and now 
purified S)'Stem is the i 4 enzjme, known as "glycogen pho<tphorylasc” (71, 72) 
In the presence of inorganic phosphate and glycogen this enzyme catalyzes a re 
action b) v,hich orthoiihosphonc add (H,rO«) deaves the glucosidic linkage, 
leaving H,P04 attached to carbon atom i of one glucose umt and H attached to 
carbon atom 4 of the next glucose unit Tlus is analogous to a hydrolytic dea\’agc 
(H Oil) except that, instead 0! dements of 11 , 0 , those ol the orthophosphate arc 
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added Because of this analogy the name ^^phosphorolysis” (compare with hy 
drolysisj IS given to this type of reacUon (104, joj, jo6) The reaction is visualized 
in Figure 12 The i 6 linkage is probably broken in a similar manner by the r 6 
phosphorylase (70, 72) 

Phosphorolysis is reversible The direcUon of the reaction is detcrrmned b> the 
relative concentrations of glucose t phosphate and inorganic phosphate, so that 
removal of inorganic phosphate favors glycogen synthesis, while addition of in 
organic phosphate hastens glycogen breakdown 74) There is evidence that 
this IS one of the regulating devices of glycogenolysis in the living cell 

PHOSPHATE DONORS PHOSPHATE ACCEPTORS 

1 3 Diphosphoglycerate 1 

Phosphopynivate- 
Acetyl Phosphate- 


Creatine Pbosphate- 


— -«-^Hexose-6-Phosphate 
— ■ v Pynivate 
I-Crcatine 

Fio 10— Phosphate tnorfer by the ftdenylic system 

5 IntramoUcular phosphate transfer — Dunng the degradation of glucose or 
glycogen certain reactions mvolving pho^horus occur m which a phosphate group 
already present in the inolecale is transferred to another position m the same 
molecule For example, glycogen is broken down into a glucose phosphate com 
pound m which the phosphate group is attached to carbon atom r of the glucose 
nng This is therefore known as “glucose i phosphate” (Glucose x P) An enzyme 
protein, called“phosphogluconiutase” (75), can then transfer the phosphate gr^p 
to carbon atom 6, the resulting substance being glucose 6 phosphate (Ftg 13) 
reaction 
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IS reversible, as indicated, and its necessary cofactor is the magnesium ion (75) 
These two phosphate glucose esters differ from each other m various chemical 
properties (76) 

A similar intramolecular phosphate transfer occurs m the reaction 
3 phosphoglyceric acid 5= 2 phosphoglyceric acid (77) 

6 Deanwialion — ^The term "deamination” refers to the removal of an 2 ^, 
(ammo) group, generally from ammo aads Since certain ammo acids form glu 
cose in the body and since the removal of the NH, group is the first step m such a 
transformation the mechanism of deamination is pertinent to the general discus 
Sion of carbohydrate metabolism 
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Fio 13 — Ctycogeti pbospborolysis 


The actual loss of the NH, group from an ammo acid is a spontaneous reaction 
not requinng an enzyme (36) However, the amino acid must first lose hydrogen 
before it can react with H ,0 to lose the NH, group (36) Hence the whole process is 
called an “oxidative deammatioa ” For example, an enzyme sj^tem known as 
‘ ammo acid oxidase, ’ consisting of a protein and a coen^me of the alloxazine 
group removes two hydrogen atoms from the aC atom of alanine (36, 37) 
a -jH 

CH, CHNH, COOH »-CH, C NH COOH 

Ammo acid Imino acid 

The resultmg substance is known as an imino aad because of the NH or imino 
group Such an acid will react with H ,0 as follows 

CH,— C NH— COOH + IlA-* CH, CO COOH + NH, 
lynivic acid Ammonia 
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8 Transamination — Another type of reaction involving amino aads and re- 
lated to carbohydrate metabolism is the mutual exchange of ammo and ieto 
groups between certain a keto acids (derived from carbohydrate breakdown) and 
certain specific ammo acids (84, S5, 86) For example 
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This interchange is another link between carbohydrates and protein derivatives 
and provides a means for the transformation of one ammo acid into another It 
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probably also represents a channel tbrougb which the ammo acids contribute to 
the common metabolic pool formed by all the foodstuffs (see p 54) 

9 Hydrolysis —This type of reaction is very common m the processes of diges- 
Uon m the gastro-mtestmal tract Water is added to a molecule in such a way that 
the molecule is spht into two portions, one receiving the H, the other the OH 

group, of the H ,0 (9 87) Thus sucrose, a disacchande consisting of one molecule 

of glucose and one of fructose, is split mto its consUtuent hexoses by the enzyme 
mvertase ( 88 ) The glucosidic linkage is opened by the entry of the elements of 
H ,0 (Fig 14) 
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Other examples of hjdrolysis are 

Lactose ss Glucose + Galactose 
Maltose s= Glucose + Glucose 

However, many reactions which formerly were thought to be examples of hy 
drolysishave recently been shown to be phosphorolysis, e g , gljcogcn breakdown 
(see p 3 S) 

TOE OXIDATION 07 TOE IIYDBOCEN REMOVED 7R0SI THE SUBSTRATE 
The final products of metabolism are substances which cannot be broken down 
further by the tissue cells These are urea, C 0 « and H, Of these, urea and COj arc 
excreted Ma the kidneys and lungs respectively The problem that remains is the 
final fate of the 11, remosed from the foodsHifls by the coenzymes (hydrogen ac 
ceplors) To the best of our present knowledge the sequence of events is as shown 
inFigureis The coenzymes are DPN, TPN, and flasin Although we arc not m 
full possession of all the details, it may safely be assumed that the reduced pyri- 
dme nucleotides are rc(icv«l of their If, by flavin enzjmes (j©, 38, 89) A final 
common path for Hi is reached, and all of it exists as Fla\m Hi for an instant 
The scene shifts now to a senes of iron-eontammg proteins, the cjicichromes (90, 
91, 9j), and the "respiratory ferment’ known as "cytochrome oxidase" (93, 94, 
95) The iron m these substances is in organic combination, m a group resembling 
the heme of hemoglobin (91) The iron can oscillate between the reduced and 0x1 
dized form 

Fe*+aFc*** 

+« 

by the addition or loss of an electron The II, of the foodstuffs, having arn\ cd at 
the flavin stage, reacts with the oxidized cytochrome 

FUvm H, + CyFe*** -» CyF«++ + FUvia + 

The electron reduces CyFc"*^, while the H* remains in the medium The reduced 
cytochrome (CyFc**) reacts with cytochrome ondasc 

CyFe++ + Oxrc+++ -» OxFe*+ + CyFe^ 

This serves to restore the oxidized cytochrome and to reduce the oxidase This 
oxidase is unique in that it can react with molecular oxygen dissolved in the cell 

(93. 95) 

OxFe^ + 0 -*OxFe+++ + O' 

The oxygen keeps the oxidase m its oxidized form and gams an electron The free 
H* asTulable from the fla\ m H, then reacts with O" to form H.O Thus the o\-er- 
all change resulting from the whole senes of rmersible transformations is 
jH* + 0 --»H .0 



2CyOx+++ 
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The senes itself has been a succession of electron transfers in which every step has 
tended to restore the previous step to its onginal state 

CATAWSIS BY UETABOUTES 

In our previous discussion of the oxidation of substrates we emphasized the role 
of the so called "coenzymes” as hydrogen and electron transporters They func 
tion in this way because of their ability to be reduced and then to be reondued so 
that they may serve agam Many substances of a similar nature (e g , dyes Uke 
methylene blue) can function as electron mediators in certain »n vtlro biological 
systems under suitable conditions { 0 , 97, 98) These arc artiSaally constructed 
pathways The cell contains certain oxidoreduction couples that can and do act 
like the coenzymes or the dyes (99) For example, let us again consider the oxida- 
tion of lactate to pyruvate Diphosphopyndinc nucleotide serves as the coenzyme 
and is reduced thereby to DrN*!I, The latter is reoTidized by Bavin, which be 
comes Flavm«H, The reduced flavin may be rcondized directly by a cytochrome, 
or It may be reoxidized by the couple FumaraiessSucanate The sucemate, m 
turn, is reoadized to fumaratc by a spcafic enzyme and cytochrome C The pic- 
ture of events is as follows 

[DPN FUym II,-»FuinaTate ] 

Lactate i IPjiuvate 

{, DPN III-* Flavin Succinate] 

It IS, therefore, possible for a pair of metabolites to serve as electron and hydrogen 
mediators in a fashion analogous to coenzymes (6, 99) This explains why, under 
certain conditions, a very small amount of sucanate or funurate will stimulate 
oxygen consumption (xoo, 101) The phenomenon is referred to as the “catalysis 
by Cl dicarboxyhc acids” (99, loi) 
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CHAPTER XU 


THE mTERMEDIARY STEPS IN CARBO- 
HYDRATE METABOLISM 

a UR knowlfdge of the interoiediaiy stepf in carbohydrate breakdown and 
I syTithtste la by no means complete However, many lines of evidence 
derived from studies i« vno and tn vtlro m animals and in plants are con 
verging toward a generally accepted scheme (i, a, 3) This scheme is outlined in 
Figures 16 and 17, which include the most thoroughly studied and inallprobabdi 
ty, the most important pathways Others have been suggested and discarded from 
tune to time But, of these, only certain pathways for which some evidence exist* 
iviil be mentioned It should be remembered that the present scheme 15 subject to 
revision as to detail as new data appear and that it may not applj in its entirety 
to all organa or tusues which utilize carbohydrates (j) One or another of the en 
syoie systems may be missing 10 a particular tissue, thus modifying the inter 
mediates or the end products The scheme, therefore, should be regarded merely 
as an architect s prehminazy sketch, showing the general siae and shape but not 
the final plans of the edifice to be erected 
U may be seen {com. Tigutes iS and 17 that the orderly progression of carbo- 
hydrate breakdown can be divided conveniently into two parts (r) down to the 

1 . » ../■>*«.,. 4 - !.»> -■.-<1 The first 

r from 
phos 

nhorylated three carbon atom units (4) At this jxnnt the first oxidative step oc 


CJf, A + ATP -h 3 (Dt>N) 3 CH, ♦ CO COOH -f- sfATP) -f 3 (DPN II.) 

It should be noted that one molecule of ATP was used for phosphorylation but 
that two molecules were formed as a result of the oxidation of phosphoglyceralde 
hyde and the dephosphorylation of phosphopyruvic acid respectively This gam 
m ATP represents the useful energj of catabolism, as will be discussed m detail 
later (pp 6off ) Meanwhile two molecules of DPN have been reduced, and in 
order to function again these most be reondized In the presence of sufiicient 
oxygen this is probably accomplished by a flavpprotem When oxygen islattmg, 
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the pynivic acid accepts the hydrogen of the DPN 'H, and is thereby reduced to 
lactic acid These two altematI^'es may be indicated as follows 

(r) 2(DPN • Hi) + Flavin + Cytochrome, etc + O, — » 2(DPN) + 311,0 
{2) 2(DPN • H.) + 2CH, CO • COOII-* 2(DPN) + 2CH, • CHOH • COOH 

Thus it IS clear that lactic acid is not an obligatory intermediate of carbohj’drate 
metabohsm But the breakdown of hexoses to lactic acid (glycolysis) can produce 
useful energy and can sustain cell functions during short periods of relativ e or ab- 
solute anoTia 

The last stqi above pyruvic aad, namely, phoqihopyruMc to pyniMc aad, 
probably differs from all the others m being irroersible It is thought that when 
pyruvic aad is used for carbohydrate synthesis it is first transformed to pho®pho- 
oTalacetic aad, which m its turn forms phospbopyruxnc acid, thus reversing catab 
olism by avoiding the one way step (s 6) 

Because of the many alternative pathways which exist below pyruvic aad, the 
course of its breakdown to CO, and H, 0 1$ far more complex than the degradation 
of glucose to py^u^ ate Only the more important pathw ays are indicated m Figure 
X7 The orientation toward one or another path at a particular time will be deter* 
mined by the equilibrium conditions, availabihty of catalysts, etc Despite this 
confusing multiplioty there has emerged from the work of Ssent Gjdrgyi (7), 
Krebs (a), Barron (r, 8), Wood and ^\crkman (9), and Evans (10) a principal 
scheme of pyruvate breakdown to CO, + H ,0 which is logically consistent and 
which helps to integrate the separate metabolisms of the three major foodstuiTs 
This scheme, the so-callcd “tncarbojylic aad cycle," envisages the formation 
of a six-carbon atom acid (isoatnc?) by the condensation of one molecule of 
pyruvate with one molecule of oxalacctate The oxalacetate is itself formed from 
pyruvate by the addition of CO, (p 34) or by the deamination of aspartic acid 
The isoatrate formed goes through a cycle of oxidations and decarbox> lations un 
111 one molecule of oxalacetate is regenerated The latter can then start the cjcle 
off again It will be noted that the c^cle begms with one molecule of oxalacetate 
and one of pyruvate and ends with one molecule of oxalacetate In other words, in 
one revolution of the cycle a molecule of pyTuvate has been dissimilated, and 
5(11,) and 3(C0,) have been produced The over all reaction can be written as 
follows 

I oxalacetate i pyruvate + ylLO— * 5II, + yCO, 

SH,0 

The exact mechanism of these steps is not completely understood, but there is 
c\ tdcncc that many of the oxidalivT steps invi^ved are coupled with phosphoryla- 
tion, so that ci’cntually ATP is formed (6, s j, u) (for significance see chap iv) 
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THE mlAL COitlfOS PATHWAY OF METABOUSU 

The tncarboxylic aad cycle may assume a Significance far beyond its function 
m carboh>drate breakdown Many ammo aads may be transformed directly or 
indirectly into one of the constituents of the <yde Con%’ersely amination of the 
members of the cycle leads to the buildmg of ammo aads Furthermore the recent 
work of ^Vleland (13 14) and of Breusch (15) suggests that acetoacetic aad de 
nved mostly from fatty acids may condense with oxalacetic acid to enter the same 
cjde Pyruvic and oxalacetic aads and their derivatives may therefore be re 
garded as forming the hub of the metabolic apparatus of the cell The cycle is 
probably the final common pathway for carbohydrate protein and fat as well as 
the locus for mterconvcrsions between the three foodstuffs (Fig 18) Wth this in 
mind much of the older controversy as to the interconvertibility of the foodstuffs 
(e g fat to carbohydrate) becomes pointless (see chaps xii and nii) 

ALTERNATIVE PATlnVAYS 

^Vhlle the overwhelmmg mass of evidence supports the metabolic scheme out 
lined above there are strong indications that alternative pathways may exist 
For example m certain lower animal forms (fungi and bacteria) glucose may 
breakdown without the intercession of phosphorylations(i6 17) Non phosphotyl 
ative glycolysis does not seem to be s gmficant in vertebrate tissues so far os they 
have been examined (18) On the other band there is mdirect evidence that (un 
der speaal arcumstances in brain and skeletal muscle) the hesoscs may be com 
pletely oxidued to CO, and H ,0 without the intervention of the steps leading to 
pyruvate formation (t9 20 21) It has been shown that complete oxidation pro- 
ceeds unhampered in the presence of special inhibitors which stop glycoIj’Sis com 
pleidy Although the alternate pathway has not been established there is some 
evidence to support the theory that heiosc-6 phosphate may be oxidized directly 
(22 23) Figure X9 is a schematic representation of this hypothesis 

CRITIQUE OF METABOUC SOIEUES 

The goal of the enzyme chemist is to separate the vanous catalytic systems to 
punfy them to establish their chemical properties and to study the catalyzed 
reactions m a homogeneous medium in vtlro This analytical outlook and proce 
dure has enriched and will continue to add to our knowledge of the metabolic ma 
chmery oi the cell m so far as the detailed properties of its parts arc concerned 
However as m any other organized S3rstem the mere sum of the parts does not re 
veal the properties of the system as a whole In the living cell whichisnotahomo- 
gencous sjstem surface phenomena interacUon between cnzjme sj'stems and 
other modifj mg influences maj interfere with certain catalytic sj stems and pro- 
mote others For example the rate of rcTwration of an intact cell is far smaller 
than the catal>tic rate of the enzyme ^•sterns in the isolated state (8) 
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THE FINAL COMMON PATHWAY OP METABOLISM 

The tncarboxylic acid cycle may assume a significance far beyond its function 
m carbohydrate breakdown Many ammo acids may be transformed, directly or 
mduectly, into one of the constituents of the cycle Conversely, amination of the 
members of the cycle leads to the building of ammo acids Furthermore, the recent 
work of Wieland (13, 14) and of Breusch (15) suggests that acetoacetic acid, de 
nved mostly from fatty aads, may condense with oxalacetic aad to enter the same 
cycle Pyruvic and oxalacetic aads and their derivatives may therefore be re 
garded as forming the hub of the metabohc apparatus of the cell The cycle is 
probably the final common pathway for carbohydrate, protem, and fat, as well as 
the locus for mterconversions between the three foodstuffs (Fig 18) With this m 
mmd much of the older controversy as to the mterconvcrtibility of the foodstuffs 
(e g , fat to carbohydrate) becomes pomtless (see chaps xii and mu) 

ALTERNATIVE PATHWAYS 

While the overwhelming mass of evidence supports the metabolic scheme out 
lined above, there are strong uidications that aJtemauve pathways may exist 
For example, m certam lower animal forms (fungi and bacteria), glucose may 
break down withoutthemtercession of pbospboiylations(i6, 17) Non phesphoryl 
etive glycolysis does not seem to be significant m vertebrate tissues so far as they 
have been examined (iS) On the other hand, there is indirect evidence that (un 
der special arcmnstances, m brain and skeletal muscle) the hexoses may be com 
pletely oxidized to COi and H ,0 without the intervention of the steps leading to 
pyruvate formation (19, so, st) It has been shown that complete oxidation pro- 
ceeds unhampered m the presence of ^ccial inhibitors which stop glycolysis com 
pletely Although the alternate pathway has not been established, there is some 
evidence to support the theory that hexose 6 phosphate may be oxidized directly 
(22, 23) Figure 19 is a schematic representation of this hypothesis 

CRITIQUE pr METABOUC SCHEMES 

The goal of the enzyme cheimst is to sqiarate the various catalytic systems, to 
punfy them, to establish theu: chemical prc^erties, and to study the catalyzed 
reactions in a homogeneous medium in vitro This analytical outlook and proce 
dure has enriched and will continue to add to our knowledge of the metabohc ma 
chmery of the cell, m so far as the detailed propeiti« of its parts are concerned 
However, as m any other organized system, the mere stun of the parts does not re- 
veal the properties of the system as a whole Inthelivmg cell, which is not a homo- 
geneous system, surface phenomena, interaction between enzyme systems, and 
other modifymg influences may mterfere with certain catalytic systems and pro- 
mote others For example, the rate of respiration of an intact cell is far smaller 
than the catalytic rate of the enzyme systems m the isolated state (8) 
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THE FINAL COMMON PATHWAY OF METABOLISM 

The tricarboxylic acid cycle may assume a significance far beyond its function 
m carbohydrate breakdown Many ammo acids may be transformed, directly or 
indirectly, into one of the constituents of the cycle Conversely, amination of the 
members of the cycle leads to the buddmg of amino acids Furthermore, the recent 
work of Wieland (13, 14) and of Breusch (15) su^ests that acetoacetic acid, de 
rived mostly from fatty acids, may condense withoxalacetic aad to enter the same 
cjde Pyruvic and oxalacetic aads and their derivatives may therefore be re 
garded as forimng the hub of the metabolic apparatus of the cell The cycle is 
probably the final common pathway for carbohydrate, protein, and fat, as well as 
the locus for mterconversions between the three foodstuffs (Fig 18) With this in 
mmd, much of the older controversy as to the mterconvertibility of the foodstuffs 
(e g , fat to carbohydrate) becomes pomtless (see chaps m and xiii) 

ALTERNATIVE PATHWAYS 

While the overwhelmmg mass of evidence supports the metabobc scheme out 
hoed above, there are strong indications that alternative pathways may exist 
For example, in certain loner animal forms (fungi and bacteria), glucose may 
break down mthout the intercession of phosphorylations (16, 17) Non phosphoryl 
ative glycolysis does not seem to be significant in vertebrate tissues so far as they 
have been examined (18) On the other hand there is indirect evidence that (un 
der speual circumstances, in brain and skeletal muscle) the hexoses may be com 
pletely oxidized to CO, and HjO without the intervention of the steps leading to 
pyruvate fonnation (19 20, 31) It has been shown that complete oxidation pro- 
ceeds unhampered in the presence of ^cial inhibitors which stop glycoljsis com 
pletely Although the alternate pathway has not been cstabhshed, there is some 
evidence to support the theory that hexose 6 phosphate may be oxidized directly 
(22, 23) Figure 19 IS a schematic representation of this hypothesis 

CRITIQUE pF METABOLIC SCHEMES 

The goal of the enzyme chemist is to separate the various catalytic systems, to 
punfy them, to estabhsh their chemical properties, and to study the catalyzed 
reactions m a homogeneous medium tn vilro This analytical outlook and proce 
dure has ennehed and will contmue to add to our knowledge of the metabohe ma 
chinery of the cell, in so fat as the detailed properties of its parts are concerned 
However, as lo any other organsaed system^ the jdcjt suxd of the parts does not re 
veal the properties of the system as a whole In the living cell, which is not a homo- 
geneous system, surface phenomena, interaction between enzyme systems, and 
other modifying influences may mterfere with certain catalytic systems and pro- 
mote others For example, the rate of requration of an mtact cell is far smaller 
than the catalytic rate of the enzyme systems in the isolated state (8) 
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An essential charactenstic of the living is that its metabolism is regulated 
Of course the rates of reactions in the cell depend upon the relative concentra 
tions of the activating proteins their coenqnnes and the mineral elements (P 
Mg Fe etc ) But many of the activatu^ proteins in the carbohydrate scheme 
seem to depend for their activity upon sulplydiyl groups (8 24) Oxidation of 
these groups leads to a loss of enzyme activity It is therefore probable that the 
glutathione of the cell serves as a regulator of activity for many systems 

Glycogen 

I 

Glucose 1 Phosphate 

I 

Glucose ► Hexose 6‘Phospha(e 

I 

Phosphohexomc Ac d 

I 

d Ribose-S*Phosphate 

t 

(?) Phospho crythron c Acid (4 


Pyruvic Aad ( 3 C) 

I 

CO, + H ,0 

Fig tg — Alternate pathway /or carbohydrate djssuailat on 

Ever since Pasteur described the phenomenon it has been known that oxygen 
modifies the rate and direction of carbohydrate breakdown In the absence of 
oxygen most tissues rapidly break down glycogen or glucose to lactic acid m its 
presence carbohydrate breakdown is slower and 1 ttle or no lactic acid appears 
The explanations of the mechanism of the Pasteur phenomenon are many and 
varied (25 c6) In all probability there is no single OKchamsm for the total effect 
Oaygen may act by (i) removing lactic acid or its precursor (pyruvic) by oxida 
tion to CO and H 0 or by resynthesis to carboh3rdrate (a) mamtammg some en 
zyme system in an inactive state by keqnng (indirectly) the protein sulphur 
groups m the S S state {3) mhibiting the usual pathway of breakdown of carbo 
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THE LIBERATION AND TRANSFER OF THE ENERGY 
DERIVED FROM CARBOHYDRATE BREAKDOWN 

T he total energy available from the complete breakdown of a molecule of 
a foodstuff to C0» and HjO is mherenC in its chemical structure The same 
amount of energy would be necessary to synthesize that foodstuff from 
CO* and H,0 Hence, the energy can be said to reside in the chemical bonds which 
link the atoms to form the complex molecule Different chemical bonds vary quali- 
tatively and quantitatively Some bonds are more stable than others and are 
therefore less reactive A substance held together largely by such bonds is one 
from which the energy is less available than that from substances with unstable 
bonds Different chemical bonds also vary m the amounts of energy they repre- 
sent In general, the high energy bonds tend to be the most unstable or reactive 
According to the first law of thermodynamics, no more than the total bond en 
ergy of a substance can be derived from its complete breakdown, regardless of the 
pathway or the number of intermediate steps through which this occurs But com 
mon experience tells us that the form of the energy can be changed For instance, 
the living organism can transform the original chemical energy of a foodstuff into 
mechanical energy (e g , movement) Physiologists have long known that the body 
also produces electrical energy (e g , nerve impulses) When the chemical or bond 
energy of a substance is released, it raises the temperature of the medium m which 
the chemical reaction takes place We speak of this as a "transformation to heat " 
The body temperature of animals is maintained by a multitude of such reactions 
There are other reactions m which the converse is true, i e , energy has to be sup- 
plied from an outside source in order to make these reactions proceed In the labo- 
ratory we generally supply the energy m the fonn of heat and call such reactions 
"endothermic,” in contrast to the "exothermic” reactions, which give off heat In 
the living organism, where temperatures are veiy constant, the energy necessary 
to make some reactions proceed is applied not as heat but as chemical or bond en 
ergy It is therefore more prease to charactenae these reactions as "endergonlc” 
and to speak of reactions in the living organism which yield energy as being "ex- 
ergonic” (i) 

It will be evident that the algebraic sum of the energies of the endergonic and 
exergonic reactions involved m the breakdown of a foodstuff to CO, and H,0 will 
be a positive sum of energy, equivalent to the total bond energy of the original 
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substance Under conditions in which this energy or any part of it has not been 
transmitted to objects outside the body, it finally appears and can be measured as 
body heat Upon this basis it has beenpos^le to estimate total energy production 
(or requirements) of animals and man, under vanous conditions of rest and work, 
by measurmg the total heat produced in siutable calonmeters By simultaneously 
measunng the total oxygen consumption of the orgamsm it has also been possible 
to establish a caloric equivalent of the oxygen used The estimation of the rate of 
metabolism from the rate of oi^gen consumption is known as “indirect calonme 
try ” 

It IS obvious that neither the total heat produced nor the total oxygen consumed 
by the body dunng a given penod of tune can give any insight into the various 
forms through which the original energy has passed, nor can they indicate what 
bodily functions have been served The situation is analogous to the measurement 
of the heat produced by an electric light bulb made of opaque glass and of un- 
specified internal construction From the total heat given ofi one could calculate 
^e amount of electric current which must have been used by the bulb, and per- 
haps also the amount o! coal which it must have taken to produce that much elec- 
trical energy But one could not tell the amount of light present inside the bulb 

spEcrFiary or enescy source 

It has been customary to speak of metabolic energy as if it n ere an undifferenti- 
ated reservoir of power serving all cellular functions m a non specific way How 
ever, recent evidence has indicated that this is not so Particular functions reqiure 
particular sources of energy Indeed, they may require that the energy be derived 
from a specific chemical reaction This is not surprising when one compares the 
situation with that which obtams with regard to internal combustion engines If 
one takes a quantity of gasoline and a quantity of fuel oil of the same caloric equiv 
alent, the former could be transformed into useful mechanical energy by a motor 
car but not by a Diesel powered truck, while the fuel oil would be useful in the 
truck and not in the car A sinking example of the specificity of fuel m the livmg 
organism is the essential nature of glucose for the activity of the central nervous 
system When isolated brain tissue is studied t« vtlro by the Warburg technique, 
It can readily be demonstrated that its oxygen consumption (energy production) 
can be as well maintained at the e-qiense of pyruvate or succinate as by the use of 
glucose (2, 3, 4) Nevertheless, m the intact living animal the bram evidences 
serious functional difficulty as soon as the blood sugar level falls below about 40 
mg per cent Apparently, the normal imtabihty of the central nervous system de- 
pends upon chemical energy derived from glucose This function cannot be mam 
tamed at the expense of the energy denvable from lower intermediary substances 
(S. 6. 7) 


6o CARBOHYDRATE METABOLISM 

THE ENERGY TRANSFER FUNCTION OF PHOSPHATE GROUPS 
It IS now knonn that the vanous phosphorylations which occur throughout 
the dissumlation of carbohydrate are the means by which the energy liberated 
from oxidative steps is prevented from being dissipated as heat and is held or built 
up for use m endergonic reactions (8, 9) Different phosphorylations carry different 
amounts of energy and are, therefore, suitable for motivatmg different kinds of 
endergonic reactions (9) According to the amount of energy transferred, we speak 
of high energy or of low-energy phosphate compounds or bonds Inorganic phos 
phate is of course, at the lowest energy level The high energy phosphate bonds 
(10,000-12,000 cal/mole) are present m such compounds as adenosine tnphos 
phate (ATP), creatine phosphate, acetyl phosphate, phosphopynivic, etc As an 
example of how a high energy phosphate bond performs its function, let us con 
sider the manner m which glucose is transformed mto glycogen, a carbohydrate of 
higher potential energy than Us precursor A superficial representation of the 
chemical steps between glucose and glycogen might be written as follows 

Glucose Glucose-fi phosphate s* Glucose-i phosphate Glycogen 

From an energetic standpoint this reaction by itself is impossible, since it requires 
the addition of energy to raise glucose to the energy levej of glycogen, and there 
IS no indication whence this energy is derived These reactions can be made to pro 
ceed*» w/w by adding certain protein enzymes and ATP (10, n, is) The energy 
which drives the reactions is derived from the high-energy phosphate bonds m the 
ATP The latter loses Us labile phosphates, becoming adenylic acid in the process 

Smee the amount of ATP present m Imng cells is hmited, the more complete 
story of the senes of reactions m the livmg organism must include the manner in 
which adenylic acid is rephosphorylaled to ATP This may occur in more than 
one way, but an important means is through the energy liberated by the oxidation 
of 3 phosphoglyceraldehyde to i 3 phosphoglyceric acid (13) The energy made 
available by the oxidation of the aldehyde to the acid is incorporated in a high 
energy phosphate bond in the acid In a sense, therefore, we may say that the 0x1 
dative energy has raised the inorganic phosphate mvolved m the reaction to a 
higher energy level (9) The motivating power of the chain of events having thus 
been applied, the cycle proceedsm the manner graphically illustrated m Figure 20 
It may be seen that the ultimate use of the original oxidative energy, applied 
through ATP, is to raise the lower energy foodstuff (glucose) to the higher-energy 
storage product (glycogen) At the latter point the phosphate group involved in 
the senes of reactions is divorced from the substrate and may re-enter the cycle at 
the beginning 

The raising of glucose to the energy level of glycogen is only one of the functions 
which ATP performs Indeed, the reversible systems AA « ADP *= ATP seem to 
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be the central mechanisms for energy transfer from exergonic to endergonic reac- 
tions in carbohydrate metabolism Figure Ji summarizes their relationships to all 
the known energy cycles 

There has been considerable doubt as to the place of the Creatme creatine 
phosphate reaction m the general scheme Because of its high energy phosphate 
bonds, some authors have ascribed to creatine phosphate a role similar to that 
indicated for ATP It now seems more likely that the latter is not the case but 
that creatine phosphate acts as an emergencystoreofhigh energyphosphate bonds 
This store is built up at times when the AA « ATP systems are producing an ex 
cess of energy over the requirements of the moment and is broken down when 
the ATP mechanisms cannot supply energy as rapidly as is required Thus, 
creatine phosphate stands in the same relationship to the storage of energy as 
glycogen stands in relation to the storage of carbohydrate substrate 

Fmally, it should be noted that the transference of energy by means of phos 
phate bonds accounts for the ready leversibdity of most of the reactions of carbo 
hydrate metabolism (8, 9, 14) This is because the energy which is yielded by the 
substrate remains "attached” to the product of the reaction and is therefore not 
lost from the system For example, the hydroljdic splitting of glycogen by amylase 
produces glucose and liberates energy as heat TTie analogous phosphorolytic 
cleavage of glycogen in the body (see Fig i», p 38) produces glucose i phos 
phate, with the energy retaiued m the phosphate bond Hence, no outside energy 
is necessary to reverse the process (8, 15) 

Regarded as a whole, the pattern of energy interchange in carbohydrate metab 
olism is by no means as complicated as a consideration of the details might lead 
one to belie\e The general prinaple may be compared to that employed in the 
mining and use of coal Figure 22 is a diagrammatic representation of the anal 
ogy, m which various features are labeled with their metabolic counterparts The 
essential features are the m>estment of a certain amount of energy to procure 
large amounts of an energy substance (coal in the mine shaft or glucose in the 
body) , the raising of the energy substance to a higher energy level (the coal pile on 
the surface, or glycogen in the body), the conversion of the energy substance into 
another form of energy (running the electric general it from a steam engine fired 
by coal, or phosphorylation ui the body), the use of the more convenient form, of 
energy for the transfer of power to places where it can be used for special purposes 
(use of electric power for communication, tran^ortation, etc , or the use of phos 
phorylative energy for muscle contraction (Sj, nerve conduction [16), intestinal 
absorption (17] renal reabsorption {i8j, calcification [19], sperm motility {20], 
etc ) , and, finally, the use of some of the energy derived from the energy substance 
to obtain more of the energy substance (use rf some of the electrical energy made 
from the coal for the purpose of mming more a»l, or the phosphorylation of glu 
cose in the body) 
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Since we do not, as yet, possess a detailed koowJcdge 0/ all or most phosphate- 
energy transfer reactions, the elHdency of this mechanism can be judged only ap- 
proximately It has been shown that, during the complete dissimilation of i mol 
of glucose to CO, and H, 0 , from twdve to twenty-four high-energy phosphate 
bonds are formed (ji, aa, ag, *4)- The energy content of these phosphate bonds is, 
therefore, 144,000-288,000 cal Since 1 mol- of glucose going to CO, and H ,0 
yields 673,000 cal , the energy transferred hy means of phosphate bonds repre- 
sents about 21-43 per cent of the total It \s interesting to compare these figures 
with that of the efficiency of muscular work, which is generally considered to be 
about 30 per cent 
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CHAPTER V 

THE USE OF ENERGY FOR MUSCULAR CONTRACTION 

I N THE previous chapters we clarified our concepts as to the nature of the en 
crgy derived from carbohydrate and the manner in which this energy is 
transformed and rnade available for the various uses to which it is put The 
actual results of the expenditure of useful energy m the body may be observed In 
terms of muscular contraction, glandular secretion, nervous activity, etc It re 
mains to consider m detail how the very real but invisible energy of the foodstuff is 
translated into tangible physiological performance Muscular contraction mil 
serve as the best example for this purpose This is partly because more is known 
about this function than about any other and also because it is quantitatively the 
most important energy outlet 

Skeletal or voluntary muscle comprises approximately 50 per cent of the body 
weight It consists of 75-80 per cent HjO and 20-25 per cent solids Thedry 
of the muscle is partitioned as follows (omitting lipoids and minerals) 

7 5- So pfii cent proteins 
25-50 per cent glycogen 

20-50 per cent creatine phosphate and free creatine 
t o-x 5 per cent adenosine phosphates 

X 0 per cent other phosphoryUted products of or 
boh>drate metabolism 

It may be seen that protein is the chief structural component of this tissue But 
It must be remembered (as pointed out in chap u) that most, if not all, of the 
proteins of the hvmg cell function as enzymes as well as structural elements 
Next to protein m quantitative importance arc the two storage products, glycogen 
(the fuel reserve) and creatine pbo^hate (the more readily available energy re 
serve) Adenylic acid and its phosphorylaled forms, which constitute the active 
pbosphiatyU.Un.g system of the mus^, reptesent a small but significant fraction of 
Its bulk The remamder of the muscle is composed of a number of intermediate 
metabolites which are caught m transit 

THE PHYSICAL NATURE OF MUSCLE CONTRACTION 
The contractile element responsible for the shortenmg and elongation by which 
muscle performs its physiological function is myosui, one of its proteins (i, 2) 
Myosin is present m the form of elongated, threadlike structures called ‘ muscle 
66 
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fibrils ” These are microscopic in size A bundle of fibrils, composed of large num 
bers in parallel formation, constitutes a muscle fiber The gross structure of a mus 
cle IS composed of aggregates of fibers The myosin of the muscle fibrils represents 
approximately half of the total muscle protem 

Both in Its shape and its elastic properties the mjosm fibril resembles a rubber 
band (3, 4) It is not unique in this for keratm and wool are proteins of the same 
type But myosm differs from these other proteins in having an tniernal mecha 
nism by which it is stretched The contraction of a fibril is due to the release of 
this mechanism and to the fibril’s recoil to a neutral position X ray diffraction 
studies have mdicated that the internal configuration of the myosm molecule, m 
its stretched and coDapsed states, changes as shown m Figure 23 (4) 

It will be noted that a relatively new and unorthodox conception of muscle 
states has been introduced in the preceding paragraph It has been customary to 
speak of a resting muscle as “relaxed” and of a working muscle as “contracted ” 
As these terms imply, it was formerly thought that the energy expended m work 
was applied in bringing about the shortenmg or contraction of muscle, while re 
laxation was merely the result of the cessation of the expenditure of contractile 
energy The newer evidence, that the resting muscle resembles a stretched elastic 
band, necessarily reverses the locus of application of energy The external force 
exerted by the contracting muscle is a re^t of the recoil of its stretched fibrils, 
while the metabolic energy is applied to return the collapsed elastic members back 
to their original state of stretch 

THE CHEMICAL EVENTS ACCOMPANYING MUSCLE CONTRACTION 

The first chemical changes to be related to the change m the physical state of 
the muscle during contraction were the breakdown of glycogen and the appearance 
of lactic acid (5, 6) Lundsgaard’s demonstration that contraction of muscle was 
possible m the presence of lodoacetate, which prevented lactic acid formation, 
forced the abandonment of this hypothesis He further demonstrated a parallelism 
between the breakdown of creatine phosphate and the energy liberated by the 
lodoacetate treated muscle This led to the hypothesis that the immediate source 
of energy for muscular contraction was the breakdown of creatine phosphate, 
while the glycolytic process served to resynthesize the creatine phosphate from 
Its split products (7, 8, 9) 

The current conception of the means by which metabolic energy is applied to 
the muscle fibrils was mitiated by theworkofLohman, who showed that adenosine 
triphosphate (ATP) was necessary both for glycolysis m muscle and for the syn 
thesis of creatine phosphate (10, ii) This was foltowed by Pamas’ demonstration 
that the breakdoivn of creatine phosphate merely served to supply phosphate for 
the conversion of adenylic acid to ATP, without the hberation of energy, while the 
subsequent breakdown of the ATP actually supplied the energy for contraction 
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and the phosphate for gl>colysia (la 13) The glycolytic reactions in turn pro 
vided the energy for the resynthesis of both creatine phosphate and ATP 

It may be seen that as our knowledge of the subject has developed the break 
down of glycogen to lactic acid has been gradually relegated to a secondary process 
with a restorative function As a matter of fact the most recent evidence indicates 
that under ordinary physiological conditions glycogen breaks down without the 
appearance of lactic acid at all (p 49) When the rate of oicygen supply to the 
muscle IS adequate for the rate of gljcogen breakdown pyruvic acid is oxidized 
completely and none of it is reduced to lactic ac d Under these conditions oxida 
tive steps above and below pyruvic aad supply energy for the rephosphorylation 
of ATP and thus maintain the metabolic cycle in the absence of lactic acid It is 
only when the oxygen supply is inadequate (as it was m most of the experiments 
of the earlier investigators) that lactic acid appears This occurs because pyruvic 
acid partially substitutes for oxy gen by becoming the hydrogen acceptor from re 
duced DPN and in so doing is itself reduced to lactic acid 

In a sense therefore the formation of lactic acid b> muscle is merely an emer 
gency mechanism enabling muscular contractions to occur for a short tune de- 
spite a lack of oxygen This may be useful at the beguinmg of sudden or severe 
muscular work to tide the muscle over a period of cuculatory adjustment that is 
while the blood supply is changing from the slow rate adequate during rest to the 
more rapid rate necessitated by the exertion (14) It also enables the muscle to 
exert a relatively tremendous effort for a short space of lime at a rate with which 
the maximal rate of oxygen supply could never cofw The lactic acid which accu 
mulates dunng such an effort is reoxidued to pyruvic acid when the exertion is 
over This process may be regarded as tbe repayment dunng comparative 
leisure of an energy debt contracted under Stress 

Figure 34 graphically illustrates tbe development of our concepts concerning 
the sequence of chemical events which occur during muscular contraction 
Although it IS out of place here to attempt an analysis of conflicting data m re 
sped to the chemistry of muscular contraction (as it Occurs tn eieo) it should be 
pointed out that the work of Sacks (15) and of others (i6) indicates that the 
scheme as given m Figure 34 may have to be modified to account for the sequence 
of chemical events m the living intact muscle 

TlIE CONNECTION BETWEEN THE PHYSICAL AND CQEUICAL 
EVENTS IN MTSCU: CONTRACTION 

Thus far we have merely described the chemical events which occur comci 
dentally with muscular contraction ItrexnainedforEngelbardtfi? r8)todeRion 
strate the direct causal link between the dicmical reactions and the change m the 
phys cal state of the myosm In so doing he owifirmed tbe doimnant position of 
ATP in the chemical processes as well as the previously described physical nature 
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of contraction (1 e , the recoil of a stretched fiber) By injecting a thin stream of a 
purified myosm preparation into water, Engelbardt (18) was able to make threads 
of myosin analogous to muscle fibrils and possessing similar elastic properties 
When suitably weighted and suspended m water, these myosin threads were not 
afiected by the presence of the various mineral and organic substances normally 
found in mammalian muscle But the addition of ATP to the water was followed 
by a definite increase in the length of the threads which could be reversed by 
flushmg away the ATP 

Szent Gyorgyi and his co workers (19) confirmed Engelhardt’s work, and ex 
tended it into a more complete analogy of tn mto muscular contraction They 
found that a purer preparation of myosm than that Used by Engelhardt would 
not form threads when injected into water But when another muscle protein 
(which they named ' actine ) was added to the myosm, the compound behaved 
like Engelhardt’s preparation They named this complex ‘ actomyosm” and found 
that threads formed from it could be made to extend or contract at will by varying 
the proportions of ATP potassium, and magnesium added to the water m which 
they were suspended 

The extremely simple conditions of Engelhardt s and Szent Gyorgyi’s experi 
ments leave no doubt that ATP is the prime agent responsible for the stretching of 
myosin fibrils that is preparatory to muscle contraction The peculiar appropriate 
ness of ATP for this purpose lies in the fact that it had previously been shown that 
myosm js the enxyme which splits ATP —*ADP + P* (20, 21) For the time be 
ing, we may therefore accept the current scheme shown m Figure 24 as represent 
ing the cyde of events by which metabolic energy derived from the utilization of 
carbohydrate is transferred by ATP and applied to the contractile elements of the 
musde The train of reactions is such that both the original physical state of the 
muscle and the onginal amount of ATP are restored subsequent to contraction 
It IS evident from our present conception that any metabolic intermediate 
which can supply the energy necessary to restore AA to ATP can serve as a fuel 
of muscular exercise This applies to n and fi Letoaods denved from protein and 
fat as well as to carbohydrate denvalives (see Fig 18, p 54) 
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CHAPTER VI 


NATURE AND OCCURRENCE m THE TISSUES 
OF materials important to CARBO 

HYDRATE METABOLISM 

I N THE previous chapters we discussed the ultimate use of carbohydrate by 
the effector organs and the manner in which the chemical energy of the food 
stuff IS liberated and applied to physiologic functions It will readily be ap 
preaated that this knowledge however fundamental and important, is only a 
small part of the larger body of information with which it must be integrated in 
order to understand carbohydrate metabolism in the living organism As opposed 
to chemical reactions in the laboratory, an essential characteristic of metabolic 
functions i» viio is that they are finely regulated processes adjusted in each organ 
and tissue to the needs of the body as a whole It u with the complex senes of ac 
tions and interactions between tissues and organs subject to intnnsic endocrine 
and nervous regulation that we must now deal But t^forc beginning our account, 
It will be useful to describe m some detail the nature and occurrence in the tissues 
of various substances which are important to carbohydrate metabolism — sub 
stances which have been bnefiy mentioned m the preceding chapters and which 
we shall meet again m subsequent chapters 

CtCCOSE 

Glucose is the chief and for practical purposes the only, transport form of 
carbohydrate Carbohydrates enter the blood from the gastro intestinal tract 
largely as glucose In the post absorptive state, glucose is the carbohydrate which 
the liver supplies to all the other tissues of the body For these reasons the level of 
glucose in the blood is normally higher than m any other tissue or fluid of the 
body 

The average norma! level of glucose m the blood does not vary appreciably with 
the species of animal In most mammals it is very similar, ranging from 6o to 8o 
mg per loo cc of whole blood It has been customary to express these amounts as 
' 60-80 mg per cent ’ Stnctly speaking, this is incorrect, for whole blood is not 
homogeneous nor is it of the same ^afic gravity as water Nevertheless, with the 
reservations noted we shall make use of this dorthand designation of concentra 
tion for the sake of convemence 

The blood sugar levels reported by different observers depend to a certain ex 
tent, upon the methods employed for chemical analysis Glucose is an aldohexose 
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(see Fig 25) m which the aldehyde group on the first carbon atom acts as a lednj 
ing agent Hence, the most practical and most commonly used chemical methods 
for determinmg glucose are procedures in which a metalhc ion m the ondued 
state (usually copper) is feduced by the sugar Such methods were devised by 
Bertrand (i), Folin (2), Hagedom (3), Somogyi (4) and many others (5, 6) They 
differ from each other chiefly as regards the means by which reduang substanrts 
other than glucose are removed from the reaction To the extent that these means 
differ m efficiency, there are differences in blood sugar values reported from van 
ous laboratories For example the range of normal values quoted for mammals is 
obtained by the Somogyi modification of the Shaffer Hartman method When the 
Folin Wu method is used, a range of from 80 to 120 mg per cent is obtamed 
Somogyi has shown (4, 7) that bis method of preapitation removes virtually all 
the non carbohydrate reduang substances (chiefly glutathione) , hence, the results 

ynO (Aldehyde group) 

H-C-OH 

OH-C-H 


CHt OH 

ric *5— Glucose 

obtamed by using his method are sometimes referred to as values for ' true blood 
sugar 

When the level of sugar in a sample of whole blood is 100 mg per cent, the con 
centration of sugar m the plasma of the same blood is about 1 15 mg per cent (8, 9) 
This difference is due to the fact that the sugar is not equally distributed between 
the blood plasma and the red blood cells (There is an equal distribution of glucose 
between the blood plasma and the water phase of the red blood cells [8, lo]) The 
prease difference between the whole blood sugar and the plasma sugar in a given 
instance will depend upon whether or not the normal number of red blood cells 
per umt volume of blood is present 

Because the peripheral tissues are constantly removing sugar from the blood 
samples of arterial or capillary blood will show a level of sugar a few milligrams 
per cent higher than that of simultaneously drawn samples of venous blood (ir, 
12) This so-called A-V difference vanes with, the esasUng rate of utilisation of 
sugar and also depends upon the rate of blood flow through the tissues at the tune 
of sampimg (13, 14) It is obvious that, if the rate of sugar utilization were con 
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stant, a doubling of the rate of blood flow would result in a diminution of the A-V 
difference to half its former value Neglect of this simple consideration has given 
rise to some confusion in the literature (i4j 15) 

Table 7 lists the range of sugar values reported m various fluids and secretions 
of the body Being a crystalloid of small molecular weight, glucose diffuses readily 
out of the blood stream into all other body fluids Tissues hke liver or skeletal 
muscle are composed of at least two phases, namely, the tissue cells and the fluid 
fillmg the interstices between them (extracellular fluid) The sugar in the blood 
plasma would rapidly equilibrate with the sugar in the extracellular fluid were it 
not for the constant withdrawal of sugar from the latter by the cells The actual 
level of glucose in the extracellular flmd is therefore a few nulhgrams lower than 
that in the blood plasma But analysis of normal whole muscle for its glucose con 
tent (using the proper precautions to prevent glycolysis) usually yields a range of 

TABLE 7 

Glucose Content of Bodily fluids 

ChicoK CutcDt 
Flu ij (Uf per Cut) 

Whole blood 60- 90 

Blood plasms 7 d~iio 

Lymph 70-110 

CeRbnspmal fluid 40* 70 

values between 30 and 60 mg percent This, of course means that the cells them 
selves contain much less free sugar than does the extracellular fluid An estimate of 
the amount of glucose actually present within the tissue cells may be made by de 
termining the amount of extracellular fluid and calculating the intracellular sugar 
from the sugar content of the whole tissue 
Normal unne contains a small amount of glucose An average adult human ex 
cretes from i to J gra in the approximately 1,300 cc of urine excreted m 24 hours 
(16 17) In clinical medicine such unne IS termed “sugar free,” because the rou 
tine methods for the qualitative detection of sugar are not sufficiently sensitive to 
indicate its presence m this concentration That the concentration of glucose m 
normal unne is far below that occurring m other body fluids is not because the 
membranes of the kidney are less permeable to sugar The kidney glomerulus ac 
tually passes a filtrate contaming glucose in the same concentration as is present in 
blood plasma (18) But this filtrate is then subject to the action of the cells of the 
kidney tubules which reabsorb most of tbe sugar in it (19, 20) 

The process by which the kidney tubules reabsorb glucose depends upon phos- 
phorylating mechanisms (21, 22) Inhibition of the latter by the glucoside phlor 
hum prevents the reabsorption of the sugar and results m so-called “phlorhizin 
diabetes” (23, 24) Abnormal amounts of st^ar also appear m the unne whenever 
the blood sugar level is raised to such heights that the amount of glucose filtermg 
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through the glomeruli exceeds the phosphoryktive capacity of the tubules The 
critical level at which this begins to occur is usually about i 5 o rag per cent and is 
often referred to as the kidney threshold for glucose (20 25) 


GLYCOGEN 

Glj cogen m the animal body is similar in form and function to the starch in 
plants It IS a polj mer consisting of maaj glucose molecules joined to each other 
m the manner indicated m Figure ii (p 37) The C 0 -C- linkage between ad 
joining glucose molecules is known as the glucosidic linkage It is here that the 
glycogen molecule splits with the introduction of a phosphate group (see p 
The distnbution and particular s gnificance of the glycogen m various tissues is 
discussed m a number of places throughout this book (see p 9) and will not be 
repeated here 

Glycogen when isolated m the laboratory is a stable compound But in the 
presence of the tissue enzyme systems it breaks down very easily For this reason 
the glycogen content of a dead tissue gives no indication of its content during life 
and accuracy of estimation is not assured e\cn when tissue is removed from the 
li\mg organism This is especially true when any degree of anoxia is allowed to 
occur w hile the tissue is being removed for analysis or in the case of muscle when 
twitching of the muscle fibers is mduced by careless handling A probable reason 
for the susceptibility of glycogen to anoxia 15 that the active form of glycogen 
phosphorylase (see p 36) contains SH (reducing) groups Hence any degree of 
oxygen lack would tend to keep the enzyme in its reduced form and would there 
fore favor the phosphoiylation and breakdown of glycogen Another reason may 
be the rapid appearance of inorganic pho^hate during oxygen lack This favors 
glj cogenolysis by shiftmg the eqmhbnum of the following equation to the right 

Glycogen + P» = Glucose-i phosphate (26) 

The standard method for glycogen estimation in tissues depends upon the fact 
(discovered by Claude Bernard and put to practical use by Pfluger) that hot 
concentrated potassium hydroxide destroys all carbohydrates except glyco 
gen As described by Good Kramer and Somogyi (27) the method is accurate 
and relatively simple once the tissue is dissolved in the alkali The difHculty con 
sists in removing and transfernng the living tissue into the alkali before any s g 
mficant amount of glycogen disappears Fairly good and consistent results may be 
obtained by anesthetizing the ammal with an anesthetic (such as amytal or pento- 
barbital) which does not itself tend to break down glycogen The tissue to be stud 

At the 


taming hot alkali uuiutiecui qu uj 

tent of a tissue is most nearly detcrmmable is the following The animal is anestne 
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ttzed, and the tissue prepared as above Tlic tissue is then frozen in stlit by the 
Use of liquid air or crushed COj ice It is removed and weighed in the frozen state 
and immersed in the hot alkali 

LACTIC ACID 

When the body is at rest and in the post absorptive state, the lactic acid con 
tent of the blood ranges between 10 and 20 mg per cent (28, 29) The lactic acid 
content of other tissues is in equilibrium with that of the blood plasma, for lactic 
acid is freely diffusible across cell membranes (30) Under these circumstances the 
small amount of lactic acid which is present probably arises from a few speaal 
tissues, such as the red blood cells the intestinal mucous membrane, and the ret 
ina, etc Adult mammalian erythrocytes do not possess the enzymatic machinery 
for the use of oxygen but readily produce lactic aad from blood glucose (31, 32) 
The cells of the intestinal mucosa (33) and of the retina (34) have a high aerobic 
glycolysis (see p 55) , that is they differ from most tissue cells, in which an ade 
quate oxygen supply inhibits lactic acid production (Pasteur effect [p 55]) 

In most tissues of the body lactic acid is not a necessary intermediate of carbo 
hydrate metabolism It is formed by the reduction of pyruvic acid only when the 
oxidative removal of the latter is relatively or absolutely deficient (p 49) A rela 
tive oxygen lack may occur during strenuous physical exercise, when the rate of 
oxygen supply to the muscles is temporarily inadequate m comparison with the 
rate of glycogenolysis (30), whereupon the lactic aad m the muscles increases and 
diffuses out into the blood Certain organs particularly the liver (35 36) but also 
the heart (37 38) will then remove the excess lactic acid from the blood and re 
oxidize It to pyruvic acid 

An absolute lack of oxygen, leading to high lactic acid levels even when the 
body IS at rest may result from pulmonary (39) or cardiovascular (40) diseases 
which interfere with the oxygenation of the blood or tissues, respectively A similar 
end result may be caused by liver disease (41), when the impairment of the oxida 
tive systems in this organ prevent it from utilizmg the oxygen available in the 
blood for the removal and oxidation of the blood lactic acid 

The importance of anoxia in lactic acid formation necessitates the same precau 
tions as for glycogen (p 78) when sampling tissues for chemical analysis The 
addition of sodium fluoride to blood prevents further glycolysis (42) Lactic 
acid is usually estimated by the method of Fnedemann (43) or by that of Miller 
and Muntz (44) The latter method was modified and adapted to tissue analysis 
by Barker and Summerson (45) 

FYSWICACm 

Since pyruvic acid is one of the most reactive metabolic intermediates (see p 
52), it is not surpnsmg that the amounts of pyruvic acid normally found in the 
blood and other tissues do not exceed i o mg per cent (46, 47) The level nses 
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somewhat with the increased breakdown of carbohydrate accompanying muscular 
work (48) or follo^vmg carbohydrate administration (46, 49) The pyruvic acid 
content of blood and tissues also mcreases dunng thiamine deficiency (50, 51), for 
many of the reactions which dispose of pyruvic aad require thiamine diphosphate 
as a coenzyme This fact has been used as an aid m the diagnosis of this avita 
mmosis (49, 51) 

It should be noted that, despite the fact that pyruvic acid is by far one of the 
most important substances in intermediary metabohsm, its normd concentration 
m blood and tissues is only about one tenth to one twentieth that of lactic acid 
This is because of the many mechanisms available for pyruvate removal (p 52), 
whilelacticaaddisposalishmitedtoonereaction— itsoxidationtopyruvate Thisil 
lustrates the general rule that the concentration of a substance in blood and tissues 
IS not necessarily an mdication of its importance in the metabohc scheme As we 
shall see presently, some metabolic intermediates are never present m detectable 
amounts unless special methods are employed to stop the metabohc reactions at 
that stage 

The method commonly used for pyruvate estimation is that of Lu (52), or the 
subsequent modifications of this method (53, 54) 

PHOSPHATE COHPOVNDS 

We have already discussed the predominant role of compounds of phosphoric 
acid m carbohydrate assiimlation and dissioulation (p fio) The phosphate denv 
atives group themselves into three dasses morganic phosphate, phosphorylated 
intermediates, and phosphate transfer substances 

Inorganic phosphate (P«) — The P, m the body is largely derived from the inor 
game phosphates present m foods Under certain circumstances the P. of the 
blood may be mcreased by the mobilization of Ca,(PO,), from the bones The ?• 
of blood and soft tissues may also rise as the result of an increased breakdown of 
organic phosphate compounds owmg to anoxia or the interruption of the activity 
of certam enzyme systems Hence, the sampling of tissues for the correct estima 
tion of Po, as well as of the other pho^hate derivatives, involves the same pre 
cautions as for glycogen (p 78) With more careful handlmg of tissues, lower P. 
values have been reported (55) Table 8 summarues the most reliable observations 
as to the levels of P, and other important phosphate compounds m various bodily 
tissues 

Phosphorylated intermediates —The only phosphorylated mtermediates of car 
bohydrate metabolism which are normally present m the tissues m detectable 
quantities are (o) hexose-6 phoqjhate, (6) monophosphoglycenc aad, and W 
diphosphoglycenc acid (in red blood cslls only) Table 8 lists the levels which have 
been reported The other known phosphorylated intermediates, such as glucose i 
phosphate, hexose diphosphate, etc , are metabolized as rapidly as they are pro- 
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duced and therefore are not found except when steps have been taken to interfere 
with their disposal (42, 56) 

Phosphate transfer substances — This group amsists of (fl) adenosine diphos- 
phate, (6) adenosine triphosphate, and (c) creatine phosphate The levels normally 
found in tissues appear in Table 8 The adenosine polyphosphates are present m 


TABLE 8 

DisTRiBirriov OF Phosphate Compounds in Various 
Tissues of man. Rat, Rabbit, and Dog 



TABLE 9 

Properties of the Various Organic Prosphatb Compounds 
(RobiMd tad MacParlasefrtP 
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all tissues of the body to a greater or lesser extent (s7, 58 59 60 61) HoY,ever 
creatme phosphate seems to be Jinuted to contractiJe and conducting tissues— 
1 e , striated smooth, and cardiac muscle, neurones, and nerve fibers (fi: 63 64 
65 66) It has also been found in spcmiatozoa (67) There is no creatine phosphate 
in blood or liver (60 61) 

Analytical methods — The methods for the estimation of the various phosphate 
compounds are based upon separation of the desired compounds from each other 
by the differential solubility of their banum salts (68, 69) and the varying condi 
tions under which the inorganic phosphate portion can be split off the particular 
organic substances (70 71, 72) Table 9 outhnes the principles underlying the 
various determinations A rehable method for the estimation of P, must be used 
of course, in all such procedures (73 74) 
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CHAPTER VII 


SITE OF ORIGIN OF BLOOD SUGAR 

I T IS well established that in the fasting animal the liver is virtually the sole 
source of the blood sugar (r a 3) There is some recent evidence that the 
kidney may contribute sugar to the blood but m amounts that are hardly 
igmficant m relation to the total carbohydrate requirements of the normal mtact 
inimal (4 5) The other tissues of the body continually require and use the blood 
ugar for the maintenance of their metabolism and functions Since the blood 
ugar level is well mamtained throughout long periods of fa^tmg it is evident that 
he sugar «hich the liver secretes into the blood under these conditions must be 
lerived from stored carbohydrate or non carbohydrate precursors It has been 
inefiy indicated in the previous chapters that the storage form of carbohydrate is 
lycogen and that the non carbohydrate precursors are protem and fat The pres* 
nt and following chapters will consider the evidence for these interconversions m 
ome detail 

The brilliant pioneer work of Claude Bernard was tbe first to mdicate the pre 
dominant role of the liver in supplying blood sugar and to demonstrate the ez 
istence of liver glycogen Hts early reports claimed that m fasting animals or 
those fed on meat the blood entering the Uvet through tbe portal veui contained 
no sugar (6) Repetition of these expenments by some of his contemporanes led 
to disagreement and controversy for they found sugar m the portal vein blood 
As It turned out the reasons for these differences lay m the then inadequate knowl 
edge concemmg the proper handling of blood samples and the crude methods for 
sugar analysis BernardandhiscontemporaneseveDtuallyagreedtbat whilesugar 
was constantly present m tbe portal blood there was always more sugar in the 
blood leaving the hver (7) 

Claude Bernard also demonstrated that a hver flushed free of sugar by perfu 
sion with cold water acquired a high sugar content after a few hours ui the labora 
tory He recognized the starchhke nature of the precursor of this sugar and called 
It glycogen He confirmed Chauveau m the finding that tbe sugar of arterial 
blood throughout the body was higher than that of venous blood On the basis of 
these essential facts and a number of other observations Bernard arrived at the 
followng conception which is as valid today as when he enunciated it 
In the liver sugar u produced although a i ttles also destroyed m that organ in the muscles 
sugar IS destroyed Destructwa of sugar probably ocenn throughout the organ^m m all the 
8S 
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THE LACTIC ACID CYCLE 

The evidence which has been cited also shows that, once sugar has entered th( 
peripheral tissues, even though it is stored rather than used, it cannot re ente 
the blood as glucose This, of course, is in accord with what is Jcnown of the en 
zyme systems m skeletal muscle ^ 34) However, under special circumstances 
significant amounts of carbohydrate can leave the muscle in altered form, as when 
lactic acid accumulates in the muscle and diffuses into the blood stream This oc 
curs during a relative or absolute defiaency in the oxygen supply to the muscle 
(see p 49) At such times the lactic acid may be carried to the liver and converted 
into hepatic glycogen, and thus eventually reappear as blood sugar This so-called 
“lactic acid cycle” has been mvestigated and elaborated by Geiger (25, 26, 27), 
Himwich (38), Con (29), and others But it is fair to say that, while it constitutes 
a possible indirect source for some blood sugar during abnormal or emergency con 
ditions, it IS of little or no significance as regards the blood sugar supply under 
normal conditions 
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An entering wedge mto the solution of the problem was made by Hershey and 
Soskin (42, 43), who showed that it was not the digestive-enzyme activity of 
the admmistered pancreas that was essential for the relief of the fatty hver and 
the accompanymg syndrome of “liver failure,” as had previously been supposed 
They demonstrated the same effects by feeding a pr^aration of egg yolk leathin 
Further work by Best, Hershey, and Huntsman (44) revealed that jt was the 
chohne constituent of the leathm molecule that exerted all the physiological ac 
tivity Since then, the hterature on choline and other substances with similar ac 
tivity ("lipotropic" factors) has grown enormously (45), and a complete review 
of this subject would take us far afield What is pertinent to the present discussion 
IS the observation of Ralh et al (46) that the lipotropic activity of raw pancreas 
was greater than could be accounted for by its lecithin or choline content 

In 1936 Dragstedt and his associates (47, 48) began an important senes of in 
vestigations by preparing an active pancreatic extract which, despite its low cho- 
line content, was a very effective lipotropic agent in the depancreatized dog They 
named the active principle “hpocaic” and tentatively considered it to be a hor 
mone, because occlusion of the external pancreatic ducts of normal dogs did not re 
suit in any evidences of the lack of the lipotropic substance The hormonal nature 
of hpocaic has been chaUenged by the laboratories of Chaikoff (49, 50, 31) and of 
Ralb (46, 5a), which have reported (a) that, m their hands, ligation of the pancreatic 
ducts does produce a fatty liver and (6) that the oral administration of the external 
secretion of the pancreas (pancreatic juice) yields as great a lipotropic effect as the 
feeding of raw pancreas These contradictory results and conclusions have not 
yet been resoh ed What concerns us for the moment, however, js the area of agree- 
ment (53, 54), 1 e , that the pancreas secretes, whether internally or externally, a 
lipotropic agent other than, or in addition to, choline 

The subject has been complicated by the use, by various mvestigators, 0/ am 
mals other than the dog and methods other than pancreatectomy In a comprehen 
sive review of the literature on lipotropic factors McHenry and Patterson {45) 
reached conclusions which may be summarized as follows 

1 There are different kinds of fatty livers, depending upon bow they are pro- 
duced and differing in the chemical ton^osition of the liver hpids (see Table lo) 

2 When the fatty liver contains a high percentage of neutral fat, choline is an 
effective lipotropic agent 

3 When the fatty liver contains a considerable percentage of cholesterol, hpo- 
ro r ^nH inositol are more effective agents than choline 


nicious anemia factor 

Wherever the future work on lipocaic and other lipotropic substances may lean, 
it is clear that, in dealing with the depancreatized dog, one must provide lipo- 
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tropic agents adequate m Lind and araouat to prei-ent fatty infiltration and pre 
serve the functional integrity of the li\er 

PIOORZOZIK DIABETES 

So-called ‘ phlorhuin diabetes” was discovered and first described by von Mer 
ingin 1875(12) It results from the adnunistration to experimental amnuls of the 
TABLE to* 
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glucoside phlorbuin (or pbiorhidzin), which has the structure indicated m Figure 
a? The drug is generally administered subcutaneous!) as a fine suspension in od, 
and the usual dosage is about i gm of phlorhuin per day for a zo-Lg dog (tj) 
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In order to obtain a rapid initial efiect the first dose is sometimes administered in 
a 2 5 per cent sodium bicarbonate solution (sa) 

The sjndrome of phlorhizin diabetes (15) and its progression to the death of 
the animal resembles that of pancreatic diabetes in practically every particular er 
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cept that the blood sugar level is abnormally low (hypoglycemia), as opposed to 
the hyperglycemia o{ the depancrcattzed animal As has been previously indicated 
(p 77), the drug produces its effect by preventing the reabsorption of sugar by 
the tubules of the kidney This is accomplished by the inhibition of the phosphory 
lation of the glucose to hexosephosphate (*6) AH tissues are subject to the same 
action of phlorhizm But muscle tissue destroys phlorhizm very quickly, so that ef 
fective concentrations of the drug in muscle are not atiamed by the procedure cm 
ployed m produang phlorhizm diabetes in the living animal (17, 18) Howeier, 
under uitro conditions the action of phlorhizm on isolated muscle tissue can be 
readily demonstrated (19) As used *n vtvo, the kidney shows the greatest effects of 
phlorhizm because it has a limited ability to destroy the drug (17) and also be- 
cause the excretory function of the kidney leads to the accumulation of phlorhizm 
m larger concentration than elsewhere in the body (15) Hence, phlorhizm dia 
betes may be regarded as being pnmarJy a disturbance m the kidney This was 
shown at an early date by Minkowski, who demonstrated that the removal ol the 
kidneys from phlorhizinized dogs abolished all signs and symptoms of diabetes 
during the time of survival of the animab in the absence of renal excretory func 
tion (ii) 

A comparison of pancreatic and of phlorhuin diabetes indicates that the poly 
una, polydipsia, dehydration and denuneralization, loss of weight, weakness and 
polyphagia, and ketosis and coma are dependent, m both, on the loss of significant 
quantities of carbohydrate from the body by way of the urine In pancreatic dia 
betes, this results from a disturbance m the regulation of the blood sugar, leading 
to hyperglycemia, which, in turn, exceeds the capacity of the phosphorylative 
mcchamsm of the kidney for the reahsorption of sugar In phlorhizm diabetes, the 
same tram of events is initiated by a lowenng of the phosphorylative capacity of 
the kidney, allowing a significant excretion of sugar at normal and hypoglycemic 
blood sugar levels 


THE KON OTICIZATiON THEORV OF DMBETES 
During the ten years that followed the discovery of pancreatic diabetes by von 
Mermg and Minkowski m S trassburg, the same laboratory estabbshed the classical 
criteria of the metabolic disturbance m experimental diabetes (20) These entena 
comprise (i) the quantitative excretion of administered carbohydrate m the unne 
of the experimental ammal, (») the urinary dextrose to nitrogen rauo (D N), (3) 
the excretion m the unne of acetoacetic acid, ^ hydroxybutync aad, and acetone 
(ketosis), and (4) the charactenstic respiratory quotient (R Q) 

The quantitative excretion of administered sugar by the diabetic animal sug 
gested that the cause of the metabolic difficulty was an inability to utilize carb^ 
hydrate (the non utilization theory) Turthermore, when Minkowski collected 
unne specimens from his depancreatized dogs (while fastmg or when fed lean 
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The appearance of the ketone bodies m the diabetic animal was the third basis 
for the non utilization theory of diabetes It was known that acetoacetic sad asd 
0 faydroxybutync acid resulted chiefly from the breakdown of fat Since these sub 
s tances did no t ordinarily appear during fasting in the nonnal organism (when fat 
was the chief metabolite), it was assumed that the ketone bodies were abnormal 
waste products resulting from the incomplete oxidation of fats m diabetes From 
this arose the conception thatarertamamountof carbohydrate had to be oxidized 
in order that fats could be burned completely (“fats burn in the fire of carbohy 
drates”) (21, 32,23) Thus theketosisofdiabetes was apparently another evidence 
of the lack of ability to utilize carbohydrate 

Studies of the respiratory exchange of the normal and diabetic organism appar 
ently supported the foregoing conclusions If the net result of complete oxidation 
m the body is compared to the burning of a substance in a bomb calorimeter, it is 
apparent that the amount of oxygen consumed and the amount of CO, given off 
in the process will depend upon the chemical nature of the substance that is being 
oxtdized Thus ir may be calculated that, when a carbohydrate is oxidized, i mol 
of CO, will result for every mol of oxygen used, according to the reaction 
C*H., 0 « + 60 ,-* 6CO, + 6 H ,0 

The R Q la the relation expressed m volumes, between the oxygen consumed and 
the CO, given off (C 0 ,/ 0 ,) Hence the R Q for the oxidation of carbohydrate is 
t o In the same way, it may be calculated that the R Q for fat is about 0 7, for 
protein, about o 8 The latter figure involves a number of assumptions, since pro 
tern 15 not entirely oxidized m the living organism (24, 25) 

It was found that the R Q of a normal animal under fasting conditions was m 
the neighborhood of o 7 This wastaken to indicate that fat was the chief fuelbe- 
ing used at that time After a carbohydrate meal the R Q of the normal 
rose toward i o (Fig 28) This was interpreted to mean that the animal was now 
oxidizing the ingested carbohydrate The diabetic organism differed from the nor 
mal in that, while its faulting R Q was also about o 7, the quotient did not nse 
when carbohydrate was admmistered (Fig 28) This seemed to confirm the con 
elusion that the dfabetic o:^amsm cannot use carbohydrate but derives its energy 
chiefly from fat (34, 26, 27) 

A CntTCIAL EXPERIMENT OPPOSING THE NON UTIUZATIOM 
THEORY or DIABETES 

On the basis of the four lines of evidence which have been outlined, the non 
zation theory of diabetes was more or less generally accepted for many >ears T 
was made possible by ignoring certain inconsistencies in the evidence and y 
neglecting other evidence to the contrary As early as 1897, Kausch (sS) report 
the results of removal of the liver from depaUcreatized geese and ducks, as com 
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pared to the results of the same procedure m normal birds He found that, m the 
absence of the organ which supphes the blood sugar, the latter disappeared from 
the blood just as quickly in the diabetic birds as m the normal ones There were 
a number of subsequent attempts to confirm this finding in mammals ilost of 
them showed similar results {29 30, 31), but technical difficulties as regards com 
plete removal of the liver and the consequent irregularity of the data rendered 
these findings inconclusive 


RQ 



Minutes 

Fio iS — Rise of RQ following sugar admiDistraUoa to nomul tod depaacreatu«d dogs (From the 
dsU of Barker ef of IsS]} 

However, following the devclqiment of Manns technic for total remo\al of 
the liver m dogs Mann and Magath (32) reported unequivocal evidence that the 
completely depancreatized dog suffers just as rapid a fall m the blood sugar after 
hepatectomy as does the normal dog (Fig 29) Whether originally normal or dia 
betic, the liverless animal dies m hypogtycenuc convulsions within a few hours In 
either case it can be kept alive only by continuous administration of sugar or the 
giving of larger amounts of sugar at about 2 hour intervals Unless one makes the 
rather absurd assumption that the removal of the liver suddenly restores the 
ability of the peripheral tissues to utilize carbohydrate, one must conclude that 
the diabetic animal docs not lack that sbtbty Under these arcumstances it be- 
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comes rniportaal to re ejiaunc the classical cnlcns of diabetes for their fniemeao 
mg and to coosider all other evidence tihicii rosy help to raplam the diabeuc syn 
drome without invoking the non theory 



iloun 

Fic J9~Dewlopm«tt{or!i)T»6l>cem«»fo*fa' wslifpittttwnyindepanertBlixed isieeUMwn®' 
mal dogs (Ktson and 

THE OVEBPRODUCnON THEORY OP DIABETES 
The alternatn e to the non ujiJizatioa theoiy of diabetes is the overproducuon 
theory of diabetes These tvi o possible ei^Ianations for the diabetic syndrome are 
compared m Figure 30 in terms of a simple medianical analogy Diagram A indi 
cates the state of affairs m a normal animal m which the liver, as represented by 
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and C but not in diagram B Thus, while both theories can account for cardinal 
features of the diabetic syndrome, the non utilization theory is directly opposed 
by the hypoglycemic effect of hepatectomy in the diabetic animal (p 97) There 
IS no conflict m this regard if one adopts the overproduction theory The re exami 
nation of the classical criteria of diabetes which is the subject matter of the subse 
quent three chapters should, therefore, be followed with reference to both the pos 
sibilities indicated m Figure 30 
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id C but not in diagram B. Thus, while both theories can account for cardinal 
atures of the diabetic syndrome, the non-utilization theory is directly opposed 
y the hypoglycemic effect of hepatectomy in the diabetic animal (p. 97). There 
no conflict in this regard if one adopts the overproduction theory. The re-exami- 
ition of the classical criteria of diabetes which is the subject matter of the subse- 
iient three chapters should, therefore, be followed with reference to both the pos- 
bilities indicated in Figure 30. 
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Moreover, the days reported in some experiments are not consecutive, some days 
being omitted, for no stated reason It must be apparent that any desired average 
D N ratio might ha\e been obtained by such arbitrary selection of espenmental 
days, picked from experiments m which the D N ratios fell progressively from 
high to low values 

This criticism is supported by other results of Mmkowski— reported m the same 
paper but not included m the figures from which he obtained his D N ratio In 
comparing the initial D N ratios obtained from well nourished and poorly nour 
ished animals he recorded ratios in the latter animals of 2 04, 2 43, i 62, and 2 24 
on the third, fourth, and fifth days of diabetes It is difficult to understand why 
hlinkowski did not attempt to correlate these low results with the data from 


TABLE 12 

The Days during the Diabetic Life of His Docs Which Minsorski(i) 
Used To Commute Mis average d n Ratio 



which he computed his average ratio The poor nutrition of these animals might 
perhaps have accounted for the failure to obtain high initial D N ratios But the 
values uniformly below 2 8 z obtained on days m which the approaching demise 
of the animal was not a factor and on days which coinaded, in point of time, with 
some of the experimental days which were used to obtain his average, serve to con 
firm the arbitrary nature of the average D N ratio at which he arrived This indi 
cation of the inherent defects m Minkowski s work is not intended to cast a§per 
sions on his integrity as a physiologist It must be remembered that Mmkowski, 
working before the days of msulin, had to deal with acutelj diabetic dogs suffering 
from the effects of a recent anesthetic and operation 

Pflueger (2), Embden (3), and others subsequently reported that they had 
failed to obtain fixed D N ratios at the Mmkowski level Their work was criucued 
on the assumed ground of the poor condition of their ammals or of incomplete 
pancreatectomy Such cntiasm, however, cannot be leveled at the work of Mac 
leod and Markomtz (4), who used depancreatized dogs that were mamtamed in 
excellent condition by the use of insulin After the withdrawal of food and insulin 
from such animals (which by subsequent post mortem examination were shown to 
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low ratios obtained later in the experiments represent the true extent of gluconeo- 
genesis from protein, the higher Minkowski values must mean that sugar is being 
formed from fatty acid as well as from protein In either cascj there remains no 
basis for concluding that sugar is derived solely from protein or that none of the 
sugar so formed is utilized by the diabetic organism It is permissible to conclude 
that sugar is denved partly from protein, but it is impossible to say to what extent 
this occurs 

PEXTROSE NITROGEK RATIO IN THE RHIORHIZINIZED ANIUAI, 

Conclusions similar to those arrived at with respect to pancreatic diabetes may 
be drawn in regard to the significance of the D N ratio of 3 65 i obtained by some 
investigators in so called “phlorhuan diabetes ” There is an added difficulty in m 
terpreting this type of work in that there is no standard for judging the eiqDen 
mental preparation, comparable to the histological demonstration of coJnphte 
pancreatectomy m operated animals It is obviously fallaaous to account for dif 
ferent D N ratios obtained with phlorbizm in different animals and by different 
Workers (15) by saymg that some of the animals were not completely phlorhizm 
ized because they did not yield D N ratios of 3 65 i An added complication is the 
fact that the phlorhizm, as used, is not a pure chemical substance of known com 
position In his last publication on the subject, Graham Lusk (9) (who together 
With his CO workers had made the most extensive use of phlorhizm diabetes m 
their studies) confessed that with (he phlorhizm he was then able to obtain he 
could not reproduce the D N ratio of 3 65 x which he had formerly insisted was 
the necessary criterion for complete pWorhizimzation 

Even those workers who used preparations of phlorhizm with which they were 
able to obtain some D N ratios approximating 3 65 i were not able to inaintain 
Such ratios at will in a given animal As in the depancreatized organism, the D N 
ratio resultmg from continued phlorhizm admimstration starts at a high value and 
declines progressively The selection of days upon which the ratio is to be consid 
ered a vdid one is a purely arbitrary matter Table 14 and Figure 31 show the 
day by day excretion of sugar and nitrogen in the urine and the D N ratio in three 
dogs receiving the customaiy phlorhizm treatment It may be seen that there is no 
evictence for a constant D A' ratio at any fevef 

If, for the moment, one were to discount the foregoing considerations, one would 
stiff have to e:q)lam the difference between the phlorhizm I> N ratio of 365 rand 

the Minkowski ratio of 2 8 i There is no factual basis lor concluding that phlot 

hizin alters the biochemical processes in such a manner as to allow a larger propor 
tion of the protein molecule to be converted into sugar And, d a constant prop^w 
tion of the protem molecule is converUble, one or both of the following conclusions 
is justified either the depancreatized animal always utilizes a significant fraction 
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of the sugar derived from protein or the phlorhizmized animal must be forming 
sugar from fat as well as from protein 

Finally, one must take into account the fact that even the classical criteria are 
self contradictory as regards the ability of phlorhizmized animals to utilize carbo- 
hydrate 

a) Insulin has been obtamed from the pancreas of dogs after prolonged and 
maiimal phlorhizin treatment (10) 

TABLE 14 

Lack of Constant D N Ratio in Fasted Phlorheinized Docs 





CHAPTER X 


KETOSIS 

O F THE three substances usually grouped under the term ' ketone bodies 
namely, accloacetic acid, ^ hydrojcybutyric acid, and acetone the 
second is not a ketone, and the third rqjrescnts merely a breakdown 
product of its more physiologically significant precursors It is now generally 
agreed that, under conditions leading to ketosis, acetoacctic acid is the first ketone 
body to be formed (i) It is known that various tissues of the mammalian organ 
ism are able to reduce acetoacctic acid to /3 bydroxybutryic acid and also to effect 
the reverse reaction The direction of this reversible reaction depends on the con 
centration of substrates present and on the osygen tension, and there is evidence 
that an equilibrium between these two substances is established rapidly (:, 3 4) 
Hence it is a matter of practical importance, in balance or recovery experiments, to 
estimate the amounts of both of these substances present in the tissues when at 
tempting to account for the fate of a given amount of either Acetone is readily 
formed in solutions containing acetoacetic acid, and it is generally assumed that 
whenever it is found in biologic fluids it is merely a spontaneous decomposition 
product which indicates that an equivalent amount of one of the other ketone 
bodies was formerly present 

SITE OF ORIGIN OF THE KETONE BODIES 
Practically all investigators have agreed as to the chief source of the ketone 


bodies A similar conclusion regarding ke(<^enesis by these organs tn stitt was 
reached by Himwich, Goldfarb and Weller (9 10), who compared the ketone 
levels of the inflowing arterial blood and of the outflowing venous blood of the van 
/• r » u j blood leav 

the reverse 
as an occa 

sional output of small amounts of ketone bodies from the skeletal muscles and the 
mtestmal tract In agreement with this, Jowett and Quastel (i i) found that slices 
of kidney, spleen, testis, and bram tn vtin could produce small amounts of the 
ketone bodies from butyric acid but that hver slices under similar conditions pro- 
duced from ten to forty times as much 
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It should be noted that the evidence quoted abos e does not prove that organs 
other than the liver are incapable of forming considerable amounts of the ketone 
bodies For it is obvious that when a tissue is capable of utilizing a substance, the 
amount of the latter which may escape from that tissue into the blood (or sur 
rounding medium in vtiro) is merely the difference between the amount formed and 
the amount utilized tn utu That this is not a theoretical consideration only was 
shown by U einhouse (6j) for kidney tissue, using the heavy carbon tracer technic 
Under these circumstances the role of the liver as the chief site of ongm of ketone 
bodies depends upon the fact that it can form these substances at a much greater 
rate than it can utilize them 

^Vhether or not the extrahepatic tissues can be shown to put out some ketone 
bodies under special experimental conditions, it is clear that m the hving intact 
animal the hver is practically the sole source for tbese substances Thus it has 
been demonstrated that dogs m which the functional capacity of the li\cr is hm 
ited by an Fck fistula do not exhibit increased ketosis after phlorhizin adimmstra 
tion (i3) The reduction of hepatic function by hq^atotacic agents also decreases 


the diabetic animals was due to rapid ketogenesis in the liver Finally Mirsky (15) 
has recently shoma that the ketogenic effects of certain pituitarj extracts w^ch 
arc regularly obtained m normal animals cannot be demonstrated in the absence 
0! the hver 

SOracE UATERIAtS TOR PRODUCIIOV Ot KBIOtTE BODIES 
The early work of Embden and co-workers (16 17) indicated the formation 0/ 
extra ketones by perfused livers when fatty acids certain ammo aads or pyruvic 
acid were added to the perfusing fluid These three different source materials for 
the ketone bodies have since been confirmed b> a number of investigators in a 

variety of waj-s (18 19 30 ai aa 33) However, Embden and assoaatcsrqvorted 

that the amount of ketone bodies arising from fat greatJj exceeded that from the 
other sources Subsequent work has emphasized the fact that, when ketosis occurs 
in the living organism it may be regarded for practical puiposes as an index of 
the catabolism of fat Thus the perfused fatty liver produces much greater 
amounts of the ketone bodies than the liver that is poor in fat (33) TTie hvers of 
depancreatizcd or phlorhizimzed animals which are charactcnstically nch in fat, 
arc known to produce exccssiv e amounts of ketone bodies (33) In the intact nor 
mal animal the feeding 0/ fat or the exeessiv e use of depot fat, mduced by starva 
tion, results in ketosis More recent!) Stadie Zapp, and Lukens (34 35) have 
demonstrated that the production of ketones by hver slices i« ci/ro is accompanied 
b) the disappearance of amounts of fatty aad suffiaent to account for more than 
i mol of ketone per molecule of fatty aad 



“4 CARBOHYDRATE irETABOLISM 

) 

MECHANISM OF PRODUCTION OP KETONE BODIES FROM FATTY ACIDS 
For many years the general conception of the mechanism by which ketones are 
formed from fatty acids seemed to be quite settled, but it has recently undergone 
at least two metamorphoses The theory of successive ^ oxidation origmated from 
the work of Knoop (26) It was based on the feeding of various phenyl substituted 
fatty acids to test animals and the identification of the excretion products in the 
urine The administration of either benzoic, phenylpropionic, or phenylvalenc aad 
resulted m the appearance of hippunc acid After the administration of phenyl 
acetic and phenylbutyric acids, phenylacetunc acid appeared in the urine (Fig 
32) These results could be reasonably explained only by assuming that the fatty 
acids were degraded by the splitting off of two carbon atoms at a time, by onda 
tion at the carbon atom which occupied the B position in relation to the carboxyl 
group It was assumed that the acetic aad molecules so formed were rapidly metab 
olized, while the phenyl group was left attached to one or two carbon atoms, de 
pending on the original number of carbon atoms in the fatty acid molecule This 
assumption was confirmed tn vtto by Dakin and was extended to the tn utro oxida 
tion of various fatty acids by hydrogen peroxide at body temperature (sj, 38 29) 
Snapper, Gnienbaum, and Neuberg (7) duplicated Knoop s results on the per 
fused kidney 

With this groundwork laid Embden and co workers (5, 6) perfused various 
fatty acids through isolated livers and reported that ketones were formed from 
fatty acids with an even number of carbon atoms m the molecule but not from the 
odd numbered fatty aads This confirmed the natural occurrence of B oxidation 
and also seemed to indicate that the last four carbon atoms in the chain under 
went oxidation at the ^ position but were not split It was, therefore, assumed that 
each molecule of an even numbered fatty acid, regardless of chain length, resulted 
in the production of one molecule of ketone and that odd numbered fatty acid 
could not give nse to ketone bodies On this basis, also, the amount of o^gen re 
quired for the degradation of a given fatty aad and the production of one molecule 
of ketone could be calculated (Fig 33) 

Although this conception gained wide popularity (especially among clinicians 
concerned with clmical states characterized by ketosis) and although it persists in 
many textbooks up to the present day, serious objections from the experimental 
standpoint arose before many years had passed Thus, Hurtley (30) sought for the 
butync and acetic acids that would be expected to be present in the liver during 
active ketogenesis and failed to find them Qutterbuck and Raper (31), Smedley- 
MacLean and assoaates (32, 33), Witzeman (34), and Verkade and van der Ue 
(35), who repeated and extended the tn vttro work of Dakin, found that, while 
^-oxidation did occur, oxygen could also become attached at the a and the 7 pM* 
lion A more serious objection, from the point of view of the whole animal, was the 
observation by Deuel and associates (36, 37) that more ketone bodira arose in an 
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animal fed octanoic aad (Ci) than in an animal fed an equimolar amount of bu- 
tyric aad (Q) Shortlyaftemard, JowettandQuastel(i, ii),and later Leloirand 
Mufioz (21), observed that the amounts of ketone bodies formed by liver slices 
tn ttlro could not be accounted for on the assumption that only the last four car- 
bon atoms of each fatty aad molecule gave nse to a ketone body A similar dis- 
crepancy was reported for perfused livers by Blixenkrone MfJUer (38, 39) and for 
li\er slices jm ulro by Stadie and co-workets (40) when the o-rygen consumption 
during eiqieriments was compared with that which would have been expected on 
the basis that all but the last four carbon atoms of each fatty aad was bemg dis 
posed of by the oxidation of the acetic aad formed The observed o^gen con 
sumptions were far smaller than would allow for this mode of fatty acid break- 
down Finally, the improved technics for ketone estimation, which have made 
possible the determination of relatively small amounts in blood and tissue, have 
led to the recent finding that the odd numbered fatty acids also give rise to smaller 
but significant amounts of the ketone bodies, as compared with the even numbered 
fatt) acids This has been reported by Jonett and Quastel (i, ii), Ldson (41), 
and Leloir and Mufioz (21) for isolated tissue (liver) and by MacKay and assoa- 
ates (43) for the intact ammal 

It 18 obvious that the hypothesis of successive P-oxidat ion in the aforementioned 
form IS no longer tenable Indeed, as long ago as 1916, Hurtley (30) proposed the 
theory of multiple alternate oxidation to account for his failure to find butyric and 
acetic acids in ketone producing livers He expressed the opinion that the intact 
fatty acid chain was first oxidued at each alternate carbon atom and then split 
into blocks of four carbon atoms each— a process which would not necessitate even 
the transiert presence of either of the substances for which be tested According 
to this hypothesis, the number of ketone molecules arising from a fatty aad would 
be the whole portion of the quotient when the number of carbon atoms in the fatty 
acid molecule is divided by 4 This hypothesis was adopted by Deuel, Quastel, 
Leloir, Blixenkrone Miller, and Stadie, smccitaccouoledfor the greater than i x 
ratio of ketogcncsis from the higher fatty acids, the lower oxjgen consumption 
than that expected from the i i ratio, and the formation of ketone bodies from 
odd numbered fatty acids (Fig 34) 

Until recently the multiple alternate oxidation theory was adequate to explain 
the available data Ilowcs-er, it implied a phenomenon rather difficult to explain 
on biochemical grounds The simultaneous oxidation 0/ every alternate carbon 
atom offered no difficulty But how could one explain the selective splitting of the 
molecule at c\ cry second keto group instead of at every keto group? This difficulty 
is avoided by a newer conception, which also accounts for other recent cvndence 
not compatible with the theory of multiple alternate oxidation In a sj-stematic in 
rifm study of the ketogenic properties of fatty acids consisting of from one to ele\ - 
tn carbon atoms jowett and Quastel (i, ii) noted, among other thmgs, ketone pro 
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tion may occur Some of the earlier investigators regarded the ketone bodies as ab 
normal intermediary products of fat metabolism, which appeared only when there 
was a failure m carbohydrate oxidation It was thought that under these circum 
stances the ketones could not be metabolized because of the supposed absence of 
a coupled oxidation phenomenon which ordinarily occurred (47) It is now well 
recognized that ketosis occurs under conditions in which large amounts of carbo- 
hydrate are being oxidized, and, indeed, it has been impossible to demonstrate any 
relation between the degree of ketosis and the rate of carbohydrate oxidation 
(48, 49, 50, 51) On the other hand, there is ample evidence that both acetoacetic 
aad and P hydroxybutyric acid are catabolized to CO, and H,0 by kidney, mus 
cle, heart, bram, testis, etc , as tested on isolated slices m vtiro (52, 53, 54, 55) 
Similar evidence is available for perfused whole organs, such as muscles or kidneys 
(S3i 54) The probable pathway of dissimilation of the ketones is indicated m 
Figure 18 (p 54) 

The rate of utilization of the ketone bodies by the normal intact organism has 
been estimated by a number of investigators (55, 56) It is important to note that 
this utilization, at the blood concentrations of ketones ordinarily found in clinical 
ketosis, may constitute a highly significant portion of the total energy require- 
ments of the organism Indeed, it has been estimated that ketone utilization in the 
animals which have been studied could account for from 50 to 80 per cent of the 
total oxygen consumption In view of this great capacity for the utilization of 
ketones, the small amounts normally found m the blood may indicate that even 
the normal liver forms, and continues to secrete, some ketone bodies into the 
blood* 

It imght be supposed, however, that the severe ketosis of diabetes, phlorhizin 
poisoning or starvation is the result of some difficulty in the utilization of ketones 
by the penphery, with or without a greater production by the liver This possi 
bihty has been tested both in mWo and in rnw, without confirmation ChaikoS 
and Soskin (14) have shown that the penpheral ti^ues of the diabetic organism 
dispose of the ketone bodies as rapidly as do those of the normal animal This has 
smce been amply confirmed (25 48, 51, 54) With the possible exception of the 
adrenalectomized animal (58) it must be assumed that, whenever ketones appear 
m excess in the blood and other tissues this condition is due to a rate of formation 
and secretion by the liver suffiaently rapid to exceed even the large disposal ca 
pacity of the periphery It is thus no longer proper to speak of antiketogenesis 
in the sense so long employed by cIinKians, by which they actually meant ketoly 
SIS (ketone oxidation) In view of present knowledge, the various ketogenic anti 
ketogenic ratios (47) which have been used to calculate the amounts of carbohy- 
drate “necessary for the oxidation of the ketone bodies ’ must be regarded as being 
without any real significance 

’ CraodaU and his co ^ otters (57) difier from tluaopiiuaii on the basis of expeiunents with the London 
cannula technic 
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Wifi be a diminution of ketogenesis—ewn though some of these substances 
themselves be ketogenic in action if given at a time when the enzyme s\^tei 
unoccupied Such substances are odd numbered fatty acids, certain ammo 
and benzoic, cinnamic, and e aminobutync acids The type of inhibition 
they exert is somewhat analogous to the well known action of malonate i 
succinodehydrogenase system (62) 

We may summarize by saying that the ketone bodies are probably normal 
mediates of fatty acid catabolism m the liver They appear m excess m the 
whenever the hepatic metabolism of fat is sufficiently speeded up, either by 
of carbohydrate substrate or by a disturbance in the normal regulation of th 
strate mixture The ketone bodies are readily utilized by the peripheral ti 
under practically aU known conditions The utilization of ketone bodies maj 
some relationship to the utilization of sugar by the extrahepatic tissues, m so 
these two substrates may compete for the available oxidative mechanisms 
It IS evident that the development of a ketosis m the diabetic state cannot 1 
garded as evidence for the non utilization theoiy of diabetes It is perhaps 
compatible with the overproduction theory, for if one broadens the latter co 
tion to Signify the overproduction of metabolic substrates (i e , sugar plus ket< 
It 13 clear that the use of the ketones by the peripheral tissues will leave a gr 
excess of sugar to accumulate in the blood and spill over into the unne 
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Data 

Urine nitrogen 
0 , consumption 
COj production 


o 302 gm/br 

n 19S L/hr 
8 390 L/hr 


Cahulaltonj 

X gm of urme N represents 6 as gm of metabolized protein 

Protein oxidized = o 202 X 6 25 * i 26 gra/hr 
To oxidize I gm of protein o 957 L of Oi are required and 0 774 L of CO, are 
0, used m the oxidation of piotem= 126 Xo9S7 = i2o6L 
and CO, produced m the oxidation of protem = i 26 X 0 774 = 0 975 L 

Non protein O, = ix 195 - x 206 « 9 989 L 

and non protein CO, = 8 ago — 0 975 = 7 315 L 

Non protein R Q = = o 733 

Percentage of non protem O, used by CHO = 

/ o 733 - o 707\ 

'“ 1 . oo'-o,o,)‘ 

Oj used for CHO oxidation = $ ^ ^ = 0 886 L 


and CO, produced by CHO oxidation (R Q = x 00) • 0 886 L 
Oj used for fat oxidation ~ 9 989 — 0 886 > 9 103 L 
and CO, produced by fat oxidation * 7 3x3 - 0 886 ■ 6 429 L 
To oxidize I gm of CHO (starch) 0 829 L of 0, are required 


CHO oxidized *» ** , ■ » j 07 gm/hr 
o 539 

To oxidize I gm of fat 2 013 L of 0, are required 

Fat oxidized = 2JB2 4 <2 em/hr 
2 013 - — — 


Similar calculations may be made for all levels of the N P R Q from 0 7 to 
I o In actual practice, it is customary to ascertain the significance of an R Q de 
termination by consttlting tables or nomograms prepared by Zunz and Schum 
burg (8), Du Bois (9), and others (5) 


THE COMPOSITE NATURE OF THE R Q 

It IS becoming increasingly more evident that the N P R Q of the whole body, 
like the D N ratio, cannot be regarded as the index of a single process The ortho 
dox interpretation of the NP R Q of about o 7 involves the tacit assumption that 
the only vital processes (aside from protein catabolism) which are in progress and 
which ultimately consume oxygen and give rise to CO, are those assoaated with 
the oxidation of fat Yet there is very satisfactory evidence that other processes 
nhich require o^gen or yield CO, are taking place under those conditions It is 
generally agreed, for example, that the brain derives its energy solely at the ex 
pense of carbohydrate and yields an R Q of about i o at all times (10, xi, ir 
14) This high R Q must be balanced by a correspondingly low one in some other 
tissue or organ if the composite R Q of o 7 obtained from the whole body is to 
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mean anything at aU Authentic low R Q ’s below o 7 have been obtained particu 
larly from the liver, as will be discussed m ch^ter Juii (p 142) It is, therefore 
obvious that the correct interpretation of an R Q cannot be as simple as that used 
by Its ongmal exponents and some of their present day followers 

The conception of constituent R Q ’s grangtoformacompositeR Q has actual 
ly been used to explain values of the R Q over i o The transformation of carbo- 
hydrate into fat, a material with relatnely lower oxygen content, would yield a 
theoretical R Q of about 8 o 

4C«H,sO, -f- Oj^ C,«HnOi + 8COj + 8H,0 
RQ ={=80 

This transformation usually occurs when there is a plethora of carbohydrate avail 
able in the body Under these circumstances the R Q above umty is said to result 
from the transformation and the simultaneous oxidation of carbohydrate (5, 7) 
However, for the sake of convenience, this type of explanation has been confined 
artificially to R Q values over 10 It is evident that, if carbohydrate could be 
converted to fat under conditions where fuels other than carbohydrate were also 
being oxidiaed any R Q under i o might have a high component due to the 
tratiaformalion, thus abrogating the classical calculations In reality, there is no 
evidence that this does not occur In fact, the work of Schoenheimer and his asso 
dates (is 16), in which heavy isottpes were used as markers, has clearly indicated 
that there is a constant mterconversion of one foodstuS into another even under 
conditions where no body weight is gamed or lost 
Cathcart and Markowitz (17) and others have shown that the oral admmistra 
tion of 50 gm of glucose to the fasting human causes a leisurely rise in the R Q to 
values somewhat less than i o, while the administration of equivalent quantities 
of sucrose, galactose, levulose, or dihydroxyacetone causes a prompt rise in the 
R Q to values abo^ e unity The more rapid nse in the R Q which occurs with the 
latter substances cannot be accounted for by their relative rates of absorption from 
the gastro intestinal tract, and their chemical imposition is theoretically incom 
patible with an R Q over 10 It is dear, therefore, that even such relatively 
simple foodstuffs do not yield R Q s which may be reasonably interpreted as re 
suiting from their oxidation alone 

Much has been made of the fact that the R Q of the whole mammalian organ 
ism has not very often been found to fall below o 7 Indeed, it was formerly cus 
tomary to ascribe any lower RQ to so/ne undetected fault in technic Here re 
cetitly, admittedly authentic low RQ s have been obtained {18, 19), and other 
instances in the literature which are similarly free from technical cntiasm {19) 
have been reviewed Some of these low values were obtained in normal human sub 
jects under special conditions of feeding — for example, on high fat intakes before 



130 CARBOHYDRATE METABOLISM 

the subjects became acchmatized to the abnormal diet This :s significant because 
the customary feeding habits of man and of animals have resulted in rather arbi 
trary conventions as to the number, composition, and size of meals and as to the 
periods during which R Q measurements of the absorptive and post absoiptu'e 
states are made The intake of food is ordinarily spread over a considerable pro- 
portion of the 24 hours This means that all the various oxidations, conversions 
etc , which yield the highest and lowest components of the composite R Q are 
usually proceedmg simultaneously Under these circumstances one could hartfiy 
expect to obtain anything more than an intermediate range of values for the R Q 
of the whole body 

To succeed in demonstrating a truer range for the component R Q s of the body 
on a normal diet, it would be necessary to set the experimental conditions so as to 
allow the processes responsible for either the lowest or highest component R Q s 
to predominate temporarily In other words, it would be necessary "to catch the 
metabolic processes off balance ” This has been done by Werthessen (20), who 
trained rats to eat their entire 24 hour food requirement within a period of 1-5 
hours He found that in the same amnul, after such a meal, the RQ (determined at 
frequent intervals) varied from extremely low to extremely high values The range 
of these variations in all his amraals was from o 27101 70' (See Fig 37) Markowitz 
(personal commumcation), working with Cathcart, performed this experiment 
upon himself and obtained results similar to those reported by Werthessen These 
experiments show that the range of R Q values ordinarily obtained depends not 
so much upon the chemical reactions in the body as upon the customaiy conditions 
of observation The extreme RQ values obtained under speaal conditions 
again demonstrate that the usual R Q s are integrals of higher and lower quo- 
tients 

The fact that the R Q of the whole body is a composite of many R Q 's onginat 
ing in different organs and ansing from different chemical reactions occurring 
simultaneously, does not preclude the possibility that all the energy involved may 
not ultimately be derived from a single foodstuff WhenanNPRQ ofo7isob 
tamed, it is possible that only fat is being broken down, that some of it is oxidized 
directly in one organ, that m a second organ another portion of the fat is trails 
formed into other metabolites and that these metabolites are oxidized m still a 
third one The net result of all these processes could still be an R Q of o 7 The 
point is that this figure, by its very nature, depends solely on the starting material 
and the end products of the senes of reactions It gives no indication whatever of 
the intermediate reactions Under these arcumstances the charactenstic diabetic 
R Q cannot be interpreted as indicating a lack of ability to owdize carbohydrate 
Thus, a fatty acid might break down directly to CO, and H,0 as foUows 


Ct.H,A + 260 i-» I 8C0,-f- I8H1O 
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The theoretical R Q of this process »s 18 — 26 — o 693 The same fatty acid might 
first be converted to carbohydrate and then oxidized 

Ci,H„Oa + 80,-»3CJItA+ 18Ch-* ISCOs + I8HjO 

The R Q for this manner of breakdown is also 18 -e- (18+8) = o 693 
A further characteristic of the diabetic R Q is its failure to nse after the admm 
istration of carbohydrate as it does in the normal organism This abnormality 
may be etpJained on exactly the same basis as the quantitative eTcretion of ad 
RQ 



Hours after food 


Ric 37 — Serial detemuoations of die R Q w a trained rat folio vmg the mtshe of its 24 bour food 
requirement at a single meal (Fivtn U erthessen fro] ) 

ministered sugar which we have previousfy discussed (p 105} It is due to the fact 
that the extrahepatic tissues of the diabetic organism are already being supphed 
RTfJi a superabundance of sugar so (hat tic adrmnistered carbohydrate is not 
metabolized but overflows into the unne together with the excess arising from the 
animal s own hver 

It IS clear that neither the low R Q of ebabetes nor the failure of the R Q to 
rise following the administration of sugar cmistitute evidence for a lack of abihty 
to oxidize carbohydrate (For a further discussion of the R Q see chap au ) 
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CHAPTER XII 


GLUCONEOGENESIS FROM PROTEIN 

T he discussion of the D N ratio (chap ut) kd to the conclusion that the 
type of evidence obtained by feeding protein to the depancreatized am 
maJ shows only that some of the sugar which is excreted is derived from 
the administered protem, and that it is impossible to say to what extent this con 
version occurs When the phlorhizmiaed animal is used in the same way, there is 
the added difficulty of having to account for a relatively larger sugar excretion 
than that which occurs in the depancreatized animal 
Somewhat simpler experimental conditions are possible when perfused organs 
and isolated tissues are used Since the composition of proteins is variable, the 
testing of individual ammo acids on the isolat^ organs and tissues is a further sun 
plihcation of the problem The use of amino aads is convenient as regards their 
addition to perfusates and nutntive media, and the results are quite acceptable as 
reflecting normal physiology, for both ingested proteins and endogenous proteins 
are hydrolyzed to ammo acids in the intact organism before further catabolism 
The hterature up to the year 1930 relatmg to the conversion of ammo acids to 
carbohydrate was comprehensively reviewed by Rapport (1) Table 15 summarizes 
the essential infonnation compiled by him and the additional evidence which has 
accumulated during the intervening years Data on the conversion of ammo acids 
to d keto aads are also included because of the possible transformation of the lat 
ter into sugar, a subject to be discussed in the following chapter The information 
in Table 15 is denved from the following types of experiments 
In mo 

I Ammo acids are fed to depancreatized or phlorhizmized dogs and the urine 
IS analyzed for the extra glucose excreted over and above the amounts excreted 
on previous days 

2 Ammo acids are fed to starving normal animals, and the rise in liver gly 
cogen IS used as an index of transformation to carbohydrate An increase of the 
ketone bodies in the blood and urine is taken as evidence of conversion of the 
amino aads to ^ keto acids 
Perfusion experiments 

I The liver is perfused v,nth blood to vducb the various ammo acids are added 
A rise in the glucose or ketone content of the perfusing blood is taken as evidence 
for transformation 
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TABLE t5* 

Available Evidevce for Gluconeogenisis and Ketogenesis from the Amino Acids 


Tim ^cnuiaim 


Alaniae 

Senne 


Leucine 

Ifoleueiae 

Norleueme 

Asparuc 

Glutumic 

Arginme 

Ornithine 

Lysme 

Cysteine 


Phenylalanine 

Tyrosine 


1 ° 


Lusk ((4), ^whtznuzed dogs 
Pfiueget (is), normal dogs 
Wilson (16), normal rats 
Butts {17), normal rats 
MacEay (la), normal rats 
OUen (11), normal rats (iso ' 
tope carbon as tracer) ! 


Wilson {16), norma] rata 
Rapport (i), phlothuuuzed 
dogs 

Butts (17), normal tats 
Dakin (30), pblorhizuured 
dogs 

Butts (st), normal rats 
Rose (at) phlorhumued dogs 
Butts (ix), normal rats 
Dakia (so), phlorhizuused 
dogs 

Butts (at), normal rats 
Diha (7s), pblorbutoued 
dogs 

Butts (at), normal rats 
Lusk (14), phlorhizinued dogs 
Butts <36), normal rats 
Lusk (14), phlorhuuiized dogs 
Wilson ( 16L normal rats 
Butts (36), normal rats 
Dakin (30), pblortiizuused 
dogs 

Butts (38), normal rats 
Dakin (3o),phIocbuinized 
dogs 

Dakin (35), ^lorhizmized 


Butts (30), normal rats 
Tianslonned to cystine (4 « ) 
Dakin (so), phlorhiznuzed 
dogs 

Butts (st, J2), normal rats 
Lusk (14), phlorhisnuzeddi^ 
Butts (ji, 37), normal rats 
Dakin (35), pblorfaizinized 
dogs 

EenuneTt (x^ and Feather ■ 
stone (3^, normal tats I 


Bach (3), liver and kidney 
perfusions and slices 
Bach (6), liver sbces 


Chargaff (rp), liver extracts 


Emhden (34)1 bver perfusion 
Edson (jj), liver slices 


Krebs (7), liver and kidney 
Weil Malberbetsy), liver 


Smythe {39), liver slices 
Smythe (39), liver slices 
Emhden {34), liver perfusion 

Edson (13), hver slices 
Emhden (34). bver perfusion 
Edson (13), liver slices 


• Zen laditares aegative eipenmeoril results 
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TABLE i5— CMlftilHat 



1 1* in* EXTEUUEtm 

PEimiON Aid IK I 

«ro Exruuehts 

A-™.Acn, 

X. 

Cirbir 

drtlii 

1 

To ' 
Ke- 
tonu 

Retercacei u>d RcBotko 

tJ 

Cu- ; 
bohr-. 

drolci 

To 

Xe- 


Dces and Rcmarka 


( “ 

0 

Dakin (aj), phlorfaizmized 





Tryptophane 

1 0 

0 

dogs 

Borchers (35), normal rats 

i 





1 + 

0 

Dakin (s^I&nd 


0 

1 Edson {13), liver slices 

ProUne 

1 + 

0 

Rapthainraer {36), [dilortiu 
inised dogs 

Eapfhunmec (3O, phlorhia 

I 




HydroiyproUne 

+ 

0 


+ 

1 Edson (13), liver slices 




inized dogs 






In w/ro 

1 Tissue slices (generally livei) are incubated in the Warburg respirometer 
with various ammo acids, and the rise m total carbohydrate, carbohydrate inter 
mediates, and ketone body content o( tbe slices is measured 

2 Enzyme preparations from animal tissues are employed to follow the path* 
way of the intermediate metabolism of ammo acids 

It may be seen that a large part of the evidence collected m Table 15 was ob 
tamed tn vno, using the D N ratio or the mcrease in liver glycogen content as the 
cnterion for carbohydrate formation Tbe same objections as were raised against 
the use of the D N ratio in the study of gluconeogenesis from protein also apply 
m the present connection The inaease m liver glycogen after ammo acid admm 
istration was not regarded as a quantitative mdex, even by those who used this 
criterion This leaves the perfusion and tbe tn vitro ezpenments as the possible 
source of reliable quantitative information When all the quantitative evidence is 
summarized, it may be seen that definite information is available about only six 
ammo acids Alanuie, aspartic acid, and glutamic aad are converted to carbohy- 
drate m definite proportions and by known pathways, as follows 

(1) ASPARTIC Zl^^Oxalacetic^ ^-^”* GLUTAMIC (3) 

(2 ) alanine:^ P yruvic 

I 

CARBOHYDRATE 

Lysine, tryptophane, and leucine are not converted to any measurable degree. 
There our quantitative information ends 
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This leaves fifteen amino aads about which only qualitative information is 
available, and the information we do have casts considerable doubt upon the 
validity of even this type of conclusion For example, the iizo evidence as to 
gluconeogenesis from glyane is contradictory, only two out of seven sets of ev 
penmenters having obtained apparently unequivocal evidence that this occurred 
The tn vtiro evidence as to the metabolic fate of glycme is not wholly clear, and it 
IS contradictory in some respects It is well established that glycme is one of the 
building stones of creatine {2, 3, 4) and that it may condense with a letoacids 
probably forming new ammo acids (5) However, there is no unammity of opinion 
as to the deamination of glycine Thus, Bach (5, 6 ) found that neither kidney nor 
liver slices were able to deammate glycme Moreover, the standard ammo acid 
oxidase preparations exert no effect upon this ammo acid (7) However, very re 
cently Green et al (8) prepared a glycme ondase system from kidney which con 
verts glycme to glyoxylic acid 

CHiNH* COOHiiJfCHO COOH + NH, 

Another enzyme system converts glyoxylic acid to oxalic aad (COOH COOH) 
(8) , but, since previous work has shown that oxabc acid is not further convertible 
in the animal body (9, to), the work of Green indicates that glycme does not by it 
self give rise to glucose 

This conclusion is strengthened by the work of Olsen et al (11), who fed iso- 
topic glycme to rats The liver glycogen showed a delayed rise (confirming Mac 
Kay (12]) , but this glycogen was not derived from the administered glycme, for it 
did not contam any of the heavy carbon Olsen r/af (11) drew the important con 
elusion that evidence concerning the conversion of ammo acids to glucose derived 
from tn vivo and tn vitro experiments should be re-examined, using labeled ammo 
acids It IS not sufficient to show extra glucose excretion or increased liver glyco 
gen To be unequivocal, the evidence must show that the newly formed glucose or 
glycogen is built up from the constituent atoms of the ammo aad under investiga 
tion 

To cite another example, proline adnunistered to phlorhizinized dogs has been 

t * 1 . - 1 e on thatitis 

(a change 

(*3) 

We may summarize the present knowledge by saying that, wnaievei its empiri 
cal usefulness, the figure of 44-58 per cent atmmonly used m metabolic and nutn 
tional work to calculate the carbohydrate equivalent of protein has no real basis m 
fact Even under the simplest conditions, using ammo aads and the tn vitro teih 
me. It has thus far been possible to ascertain the quan titati\ e fate of only a fen oi 
the ammo acids It is evident that much work remains to be done in this field 
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tomy expenments for the sugar utilization of the extrahepatic tissues of normal 
and depancreatized animals, calculated that sugar must be formed from fatty 
aads in the hvers of both types of ammal, as follows (9) 


hour.ie 60 gm per day for a 10 Kg dog The average artenovenous blood diderence in tasting 
animals IS 4 mg per cent [Con (s)) andif the tissuesof afasting toKg dog are absorbing sugar 
*■ • '• • . — ‘»'«*~-«.»»*Htobe8boutioocc per 

to Kg dog u actually 

"" -a . » V — r > .1 II »!,/ M mJ Ml 


or SO of fasting the source of 60 — (^5 + 6 + 6) * gm of the daily hepatic sugar produc 
tion of the 10 Kg dog is unaccounted for This discrcpanQr » 50 great that it seems impossible 
to account for the facts without assuming considerable conversion of fatty acid to sugar m the 
liver of the fastuig dog 

Depancreoitied dog— Mann’s [xi] observation that hqiatectomy of a previously depaacrea 
* -^,1 Jr.™ in fall of blood sugar level sunilar to that occumng in a normal hepatec 


produang at least 45 gm of sugar per d«m tor a 10 tw}, uyj, v a. ** 
n -w rnm nf* ,Tar And n-c OB of nitrogen per diem 


The total sugar pro* 
D N ratio of 

r resulted from 
sugar a mam 


DIRECT EVIDENCE 


!3) OurptesEnt knowledge of Ussue-tn^e chenustiyand of inletnicuiary iiwo 
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olism indicates the existence of siutable pathways for gluconeogenesis from fatty 
acids (chap m, p 54) The point at issue, therefore, is not whether the process 
can occur but whether it does occur m the mammalian orgamsm 
In view of Young’s calculations, it is of interest to consider why the administra 
tion of fat to experimentally diabetic ammals has usually not resulted msufEaent 
excretion of extra sugar to indicate gluconeogenesis from fatty acids when the ca! 
dilations were made on the basis of the classical interpretations of the D N ratio 
(34) Tbs IS not surprising when it is remembered that these interpretations, by 
their very nature, practically exclude the possibihty that such calculations might 
yield positive results Even so, it might still be possible to show extra sugar excre- 
tion if the experimental animal could make additional amounts of sugar over and 
above that which it is already forming from endogenous protein and fat, including 
the amount which ts being utilized during the experiment But tbs involves the un- 
warranted assumption that the c^iaaty of the liver for gluconeogenesis from fat 
has not been reached before the fat is adnumstered The fact that this is not the 
case for protein has no bearing for it happens that fat is the only stored food sub- 
stance present m practically unlimited amounts so far as the daily requirement of 
the body is concerned It might therefore be expiected that fat would be used to 
capacity when the hver is forming sugar at an uncontrolled rate 

From the practical standpoint the experimental procedure to test the extra 
sugar excretion involves the admimstration of fat to the diabetic animal on the 
fourth or fifth day after pancreatectomy after the withdrawal of insulin, or after 
starting phlorhuination At tbs time the ammal is suffering from acute diabetes 
with ketosis, and the administered fat makes him even more sick In certain ex 
ptnments m which some extra excretion of sugar after fat admiTastration was re 
ported (35), the ammals died shortly In order to obtain positive results by tbs 
method, it is apparently necessary to exceed pbysiolr^cal hrmtations to a degree 
incompatible with hfe 

There have been a number of experiments the results of which favor gluconeo 
genesis from fat even though the investigators did not take into account the factor 
of utilization In these expenments neutral fat or fatty acids were adnumstered to 
intact normal or diabetic animals, or certain hormones (e g , epmephnn) or drugs 
(e g , pUorhmn) were given to such ammals in an attempt to force excessive glu 
coneogenesis from endogenous fat stores The results of these experiments were 
judged by the increases in carbohydrate content of the liver and muscles of the 
normal animals and by the increased sugar excretion of the diabetic ammals As 
might- he predicted from our previous discussions ot the dynamic halarvce snd the 
D N ratio, these experiments have yielded both poative (3 25,26 27,28,29 30, 
31) and negative (24 32, 33) results Under the arcumstances it is justifiable to 
place greater weight on the positive than on the negative findings This evidence 
and preceding work of a similar kind have been comprehensively reviewed by 
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Macleod (3) and Geelmuyden (2) and will not be discussed here It will be more 
profitable to confine the discussion to more recent and less controversial evidence 
The theoretical R Q for the conversion of protein to carbohydrate has been 
vanously calculated as o 613 (Magnus Levy (34I), o 632 (Lusk (35]), and 0 706 
(Geelmuyden [36]) TheRQ for gluconeogenesis from fat has been calculated to 
be about o 28 by Pembrey (37) and by Macleod (3) The theoretical R Q for keto- 
genesis from fat may be calculated to range from o 65 to 0 00, depending upon the 
number of molecules of 0 hydroiybutync acid which are supposed to anse from 
one molecule of fatty acid The work of Blixenkrone-M^ller (38) strongly indicates 
that the value hes closer to zero than to the higher figure 

Since gluconeogenesis and ketogenesis occur pnmanly in the hver, it would be 
expected that R Q determinations performed on the isolated hver under the ap- 
propnate physiological conditions should 3neld very low values This is the case 
Genimill and Holmes (39) found that the R Q of hver shces from a rat fed on a 
normal diet averaged 0 79 while that from a rat fed butter averaged 0 58 Stadie 
and co-workers (40) observed R Q ’s of about o 32 in hver shces from the depan 
creatized cat Similarly in the perfused bvers of norma! and dcpancreatized cats 
BUsenkrone MjJller (38) obtained R Q values which averaged o 57 for the normal 


coneogenesis from fat But the simultaneous occurrence of gluconeogenesis uuui 
protein, and particularly of variable ketogenesis, makes it difficult to use the R Q 
as a quantitative index Evidence based upon chemical detemunation of newly 
formed carbohydrate or carbohydrate mlermediates is more convinang 

We have already mentioned the work of GemmiU and Holmes (39), m which 
they found very low R Q values in the isolated hver shces of butter fed rats They 
also observed a coinadent increase in the carbohydrate content of these slices 
whirh was ereater than the increase observed in liver shces taken from rats on a 


each substance and in practically all tissues they observed a large proaucuu» v 
lactic acid The simultaneous decrease in the carbohydrate content of the tissue 
when it occurred, was significantly less than the increase in lactic aad In the case 
of the hver, when oxygen was present there was an increase in the carbohydrate 
content as well as m the amount of lactic aad It was obvious that the lactic aa 
could not be accounted for as arising from carbohydrate The authors considered 
the possibility that the added fatty aads might have stimulated the production 0 
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normal hver function Chemical detenmnatJons included glycogen, /at, and ke 
tone content of the liver before and after the perfusion, blood sugar, ketones kc 
tic acid, urea, oxygen, and CO, at frequent intervals Sodium butyrate was added 
to the perfusing blood after a control period Table i6 shows a typical expenment 
performed on a liver from a normal cat (48) 

It can be seen from Table 16 that the carbohydrate, newly formed in a hver per 
fused With sodium butyrate, could not have arisen from protein conversion and 
must have been derived from the fatty acid Unequivocal confirmation of this con 
version was supphed by Hastings and co workers (49), who fed butync acid con 
taimng “heavy” C atoms to normal rats and found the labeled C m the liver gly 
TABLE 16 


PERFtrsioN OF Normal Cat Liver with Sodium Butyrate (Blixenkrove MfJiiER (48P 
Liver Weight, 61 gm blood volume 300 « sodium ^utyrate Added 500 mg 


CBnocAl A«*l*SH 

■WlWiI 

1 PcttOO 1 

(Ms) ' 

1 Rimiii 

la t 4I 

F a*l 

■1 

Total ketones of blood 
Total ketones of hver 

Blood sugar 

Liver glycogen 

Blood urea 

39 3 
33 0 

33i 0 

80 0 

58 0 

93 S 

76 0 

3«4 » 
» 3 S « 

70 0 

S 4 * 

43 0 

8s e 
ISS 0 

IS 0 

j6s 6\ 

36 s; 

3*6 ol 

95 

36 0 

' 1 83 6 mg of ketones appeared 

341 0 mg of csrbo&ydrste 
appeared 

Corresponds to the breakdown 
of 206 6 mg of protein 


In control eiperunents with butyrate 75 mg of ketones and 54 mg of carbohydrate were forffi^ 
The breakdown of protein could have given rise at the utmost to 100 mg of sugar The balance reieais 
therefore that the sodium butyrate gave nse t»— 


(i| 188 8 — 75 o •• itj 8 mg of ketones 
(3) 341 - (loo - 54) - o mg of sugar 


cogen of these ammals These findings are quite in accord with other pertinent evi 
dence discussed elsewhere in this volume We have seen that fatty acids are broken 
down to the ketone bodies by way of acetic acid (chap x) Acetoacetic acid may 
condense with oxalacetic acid to enter the tncarboxyhc acid cycle, which is the 
common reservoir for derivatives of all three major foodstuffs (56) And each mem 
ber of the cycle has been shown to be capable of resynthesis to glucose (55) I" 
addition, acetic acid may, under certain circumstances, enter directly into the 
tncarboxyhc acid cycle without going through the acetoacetic acid stage (52) (s« 
chap m, p 54) 

Figure 38 graphically summarizes the more direct evidence for gluconeogene^ 
from fat and indicates the intermediate chemical steps by which it may occur We 
may conclude that this process can and does play an important role m both the 
normal and the diabetic mammaliJui orgamsm 
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CHAPTER XIV 


UTILIZATION, DISSIMILATION, AND 
OXIDATION or CARBOHYDRATE 

T he use of the term "oxtdalJon” to dc$cnbc the complete breaJcdo'vn of a 
foodstuff to COj and HaO m the tissues carries with U certain traditional 
physiologic connotations which arc no longer acceptable in the light of 
present-day biochemistry Chief among these is the old conception that the onp 
nal foodstuff can liberate its energy for use by the tissue by the simple addition of 
oxygen to its atoms But, as was shown m chapters u, iij, and iv, the omdative 
breakdown of the energy materials m the tissues is actually a far more compli 
cated matter, involving the processes of oxidorcduction, decarboxylation, addi 
tionofCO, phosphorylation, hydrolysis and transamination 
It IS true that the net result of a whole senes of reactions may be written as if 
It were a simple oxidation, as, for example 

C«Hi]0« -f- 60>— *6COj 4* 6HiO 

Indeed, it was our limited knowledge of the intermediate steps in this equation 
which originally led to the inaccurate use of the term “oxidation " But, riow that 
most of the intermediate steps are known tho continued use of “oxidation ’ for 
the allover process is a source of great confusion Tor example, when the biochcm 
ist speaks of the “oxidation of lactate,” he means specifically the withdrawal of 
hydrogen from lactate with the formation of pyruvate The physiologist uses the 
same words to denote the breakdown of lactic acid to CO, and HjO It would be 
far better for all branches of biological science to use the term “oxidation" in its 
strict chemical sense, and this is the sense in which it is used in this volume Tor 
the complete breakdown of a substrate to CO, and 11,0 wc employ the tcrm“com 
plcte oxidation” or “dissimilation” (i) 

There is a practical need arising out of the conditions of experimental work for 
another term, namely, “utilization ” In working with the whole hving organism or 
even «jffi tsohted tissue ta ftirfi, it >s often possit^ to fo})on’ the ib.s 3 fpe-arance of 
a substrate from the blood or nutntivc medium or from the tissues themselves 
without being able to ascertain the extent to which the oxygen consumed and the 
CO, evolved m the interim were actually concerned with the substrate that disap- 
peared Other substrates are ncccssanly always present under these conditions 
and their parUcipation in the reactions under observation is not necessanly ruled 
out by an approximate equivalence between the respiratory exchange and the dis 
*48 


UTILIZATION, DISSIMILATION, AND OXIDATION 149 

appearance of the experimental substrate Such equivalence may be coincidental , 
for It also happens, not infrequently, that the disappearance of a substrate bears 
no discernible relationship to the respiratory exchange (2, 3) Under these arcum 
stances when it is impossible to detcmnne the exact chemical fate of the substrate 
which IS disappearing, it is best to employ the term “ utiluation ” As used in this 
volume, and apphed to carbohydrate, for example, it means the disappearance of 
sugar from the blood or nutntive medium or tissue without storage as glycogen or 
accumulation as hexose or lactic aad 

UTILIZATION OF CARBOHYDRATE AS DETERMINED BY THE DISAFPEARANCE 
, OF THE BLOOD SUGAR IN UVERLESS ANIUALS 

The rapid disappearance of the Uood sugar after removal of the hver from the 
normal animal has been discussed in chapter vii, in connection with the site of for 
mation of the blood sugar The mere withdrawal of sugar from the blood by the 
extrahepatic tissues cannot, of course, be regarded as proof of its utilization by 
those tissues However, it has been the univetsal expenence that the carbohydrate 
content of the tissues and the accumulation of lactic acid or any other substance m 
the blood do not account for the sugar that disappears from the blood of the hv 
erless animal (4 5 6) The rate of disappearance of blood sugar m such animals 
may therefore be taken as at least a rough indication of the utilization of sugar by 
the extrahepatic tissues 

In view of this it is sigmEcant that the blood sugar disappears after hepatec 
tomy or abdominal evisceration in ammaU which have been supposed to have 
ceased utilizing carbohydrate, as judged by the D N ketosis and R Q exhibited 
before removal of the liver Such evidence is available after hepatectomy of depan 
creatized buds (7), dogs (8), and rabbits (9) and after evisceration of phlorhmn 
ized dogs (10), of depancreatized and piluitary-diabefic dogs (ri), and of normal 
dogs fasted to the point of so-called “hunger diabetes” (12) A sirmlar incongruity 
between the conclusions drawn from the classic metabolic criteria and the disap 
pearance of the blood sugar occurs after hypwphysectomy of the depancreatized 
“iog (*3. 14) and during prolonged injections of epinephrin in the normal dog 
(i 5 > 16) 

UTILIZATION OF CARBOHYDRATE AS DETERMINED BY CHEMICAL B4LCNCE 
STUDIES IN UVERLESS ANIMALS 

The groundwork for future chemical balance studies of carbohydrate utihza 
tion was laid in the laboratory of H H Dale At that time practical methods for 
total abdominal evisceration in the cat were not available The hver was left in 
iUu with Its aBerent blood supply tied off However, the asphyxiated organ (with 
a high free sugar content) could still contnbute sugar to the blood by seepage into 
the vena cava In their later experiments Dale and his co workers (4, 17, 18) recog- 
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c 

cou^Lniieu 01 irtiiii t/ie tU produced i! a stable mtermediate substance of Uom 
chemical composition is formed the R Q may be used to calculate the course 0/ 
the reaction Cao) However it is usually also necessary to determine the amount 0/ 
original substrate which has disappeared or the amount of intermediate substance 

Dextrose 

Utihaatiop 

(Mg/kg/Hr) 



Blood sugar Ic\el (mg per cent) 

Fio 39 — TbtreUUonsli pbe{*«n theW(» 6 »njarl<*d»n<i»U 59 i'ull *»t Oft w 

dogs (Sosk n and Le* ne J5) ) 

which has appeared by chemical analysis When a single substrate is acted upon 
by an enzyme sj stem and an unknown stable intennediate substance is Jotmed 
the difference bet'veen the theoretical R Q for the complete oxidation of the sub- 
strate and the actual R Q obtained may suggest the probable identity the ua 
known intermediate (ao) 

There is no tissue which does not contain a number 0/ substrates and more thw 
one enz) me system In woflang with a tissue it is therefore desirable to 
approach the minimum level of autoregnration (i e to exhaust us own substrates) 
before the substrate under investigation js added If the R Q ol the subsequent 
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of some of the intermediary metabolites of the original substrate without furtbf; 
oxidation of the residues, so that the integral of the R Q ’s could never equal tbe 
theoretical R Q of the original substrate, (c) the possibility that some oiqfgen is 
used m the formation of storage or excretion products without the formation of 
equivalent amounts of CO,, with the same result as m (i) , and (d) the recently dis 
covered mechanism whereby CO„ hitherto considered to be immediately and 


TABLE 17 

L\PtRI\IENTAL AND THBJUETICAL R Q ’a FOR THE REACTIONS OF 
PYRUVIC ACID (SOIKDi (49I) 
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quantitatively excreted, may be held bad: (temporarily, at least) and its carbon 
used for the s3mthesis of metabolic intennediates (25, 26, 27) For example 

CH, • CO • COOH + CO, -» COOH • CH, ■ CO • COOH 
Pyruvic acid Oxalacetic acid 

It IS possible that under special expenmental conditions, such as prolonged fast 
ing or exclusive high carbohydrate feeding, the R Q does depend largely upon the 
chemical composition of the onginai food material which is being dissiWated 
But even if this possibility be granted, it is perfectly clear that the composite R Q 
cannot be used to judge the intermediate steps undergone by the foodstuff on its 
way to complete degradation to CO, and H ,0 In other words, even if we suppose 
that the R Q of o 7 means that the animal is living at the ultimate expense of fat, 
there is no reason for the further supposition that the fat is being directly and com 
pletely oxidized in the extrahepatic tissues (see chap xi) Thus, the R Q has no 
weight against the previously ated direct cbenucal evidence that, in its utilization, 
fat 13 converted to hexose and ketones by the liver and that these intermediates 
are dissimilated by the extrahepatic tissues 

ATTEMPTS TO VESITV £ Q BY SIMUITAKEOUS DBTEIumtATION OF CAKSOHYDRATE 
TlTtnZATlON IN INTACT ANIMALS AND IN ISOLATED TISSUES 

Despite the inherent limitations of the R Q , a number of investigators have 
sought duect evidence of its validity as a quantitative index of the type of food 
stuff that IS being dissimilated These attempts have usually consisted of a quan> 
titative companson of carbohydrate dissimilation as calculated from the R Q , 
with carbohydrate utilization as determmed by chemical balance studies (a, 3, 4, 
i8 28, 29, 30) 

In view of the distmction that we have drawn between dissimilation and utiliza 
tion, It 15 evident that they need not tally even if the R Q were a reliable index of 
complete oxidation, for it would be qmte possible for more carbohydrate to be uti 
hzed than was dissimilated if some of the carbohydrate were simultaneously being 
converted mto fat or another stable form There is sUU another difficulty when 
such comparisons are attempted m intact animats It has been pomted out (chap 
vu) that the blood sugar level represents a dynamic balance between the rate at 
which sugar is entering the blood stream from the liver and from any exogenous 
source and the rate at which it is bemg removed from the blood by the tissues of 
the body Thus, a rise m the blood sugar level may result either from an mcreased 
rate of sugai supply or from a decreased rate of sngar utilization, or from both to- 
gether Conversely, a fall m the blood sugar levd may be due to decreased supply 
or increased utilization, or both Nor is it possible to tell which factor is respon- 
sible from the mere change in blood sugar levd unless one iscontrolled or eliminated 
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while the other is observed It is, therefore, futile to attempt to determine the 
amount of carbohydrate which has been utilized by an intact animal by estimating 
the difference between its total carbohydrate content at the begmning of an ex 
periniental period (plus any sugar which may have been administered) and its 
total carbohydrate content at the end of the period, for in this procedure the 
amount of carbohydrate being supplied by the liver is unknown, and any effect of 
sugar administration on this supply cannot be estimated The experimental condi 
tions are simpler m liverless animals or in isolated tissues, where the available car 
bohydrate can be estimated or controlled by the investigator 
Table i8 summarizes the data of all papers available to the authors from which 
a comparison of utilization, as determined by chemical balance, and of supposed 
dissimilation as judged from the R Q , may be attempted A study of the table 
obviates the necessity for much discussion It is clear that m eviscerated animals 
and in isolated tissues, as well as in intact animals, there is no correlation between 
the results of chemical balance studies and R Q calculations In view of the fre- 
quency and extent of the discrcpanaes, the few instances in which the results hap 
pen to coincide may be regarded as purely fortuitous A somewhat better correla 
tion is obtained m isolated brain tissue than m isolated muscle of the whole Living 
animal This may be ascribed to the fact that the highly specialized nervous (issue 
does not possess the abiLty of other tissues for storage and jntcrconversions of 
foodstuffs and, so far as we know, derives its energy solely from carbohydrate (31, 
32,33,34) (see chap i p :6) However, even under these circumstances, the cor 
relation between chemical balance and the R Q is by no means good This is so 
even in experiments m which the present authors have improved on the usual tech 
me of chemical balance by a rapid freezing of the control samples (Table 18 no 9) 
As was discussed earlier m this chapter, the blood sugar level has an important 
influence on the utilization of carbohydrate by the living organism Gemmill (3) 
showed a similar influence of the concentration of sugar in the medium on the car 
bohydrate utilization of isolated muscle im viiro The various data m Table 18 
lack a certain amount of comparability because the other investigators failed to 
take this factor into account Figures 40 and 41 graphically summarize the work 
of Gemmill (3) and hitherto unpublished data of the present authors for the evis 
cerated dog isolated muscle, and isolated brain tissue, respectively, in which car 
bohydrate utilization and R Q calculations are considered in relation to glucose 
concentration It is apparent that except lor isolated brain tissue, there iswo cow 
centration of glucose at which carbohydrate utilization and R Q calculations co- 
incide . 

One must conclude that chemical balance experiments offer neither theoretical 
nor actual support for the R Q as ameasurc of dissiimlation Since no other valida 
tion of the R Q is available at the present time, one must go further and say that 
there is no evidence that the R Q is a measure of dissimilation This leaves us m 
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continues high for some time after intestinal absorption is complete or the inrec 
tion has ceased The total increment m the oxygen consumed (and the correspond 
mg extra energy expenditure) is knoitm as the “specific dynamic action’ (S D A ) 
of the foodstuff given The magnitude of the S D A differs for the different food 
stuffs For carbohydrate it approamatcs lo per cent of the caloric value of the 
amount of sugar administered 

Total 
Glycogen 
(Gm/Kg 
of Body 
Weight) 



Vanous explanations of the S D A have been advanced (22)-The mechanista 
IS undoubtedly different for each of the foodstuffs The work of Wierzuchowski 
(35) IS the most illuminating as regards carbohydrate He injected glucose inlra 
venously into dogs at rates ranging from i to 9 gm per kilogram per hour and 0^ 
served the heat production, the R Q , and the sugar and lactic acid levels of blood 
and urine He then correlated the S D A with his other data at all rates of gluco^ 
injection and found that there was a good proportionality between the S DA eed 
the amount of glucose “assimilated ' (the amount of glucose injected imtius the 
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amount excreted rn the utme) The glucose equivalent of the oxygen consumed 
was not clearly related to the S D A , neither was the fat formation, as judged by 
the sbght nse of the R Q above unity and other entena He therefore concluded 
that the S D A was related to the amount of glucose stored, which for practical 
purposes means the amount of glycogen formed 
Simultaneously mth the mcreased oxygen consumption following carbohydrate 
intake there is an even greater nse in CO, production, so that the R Q is elevated 
(chap xi) Bridge (36) has pointed out a relationship between the nse in R Q and 
glycogen deposition simiiat to that found by Wlettuchowski for the S DA Figure 
41a, taken from Bridge shows the correlation between the R Q and the glycogen 
contents of Iwer and muscle in a senes of rabbits at vanous mtcrvals after caibo 
hydrate administration It will be noted that the curve relating the R Q to liver 
glycogen 13 remarkably smooth 

The work of Wicrxuchoiwki and 0/ Bndgeau^ests that the S D A or the R Q , 
or both, could be used as an index of glycogen formauoQ m the intact animal or 
m man when the sampling of tissues is impossible or undesirable There is a good 
theoretical basis for this application, quantitatively as well as qualitatively We 
have seen in chapter iv (see Fig jo) that the synthesis of glycogen requires energy 
which ts derived from oxidative steps in the breakdown of glucose From »» nfro 
expenments it can be calculated (hat the oxidation of i mol of glucose provides 
the energy for the phosphoryUtive synthesis of 6-1 j mol of glycogen E^om this 
one might predict that the S D A of glucose would lie beta een 8 and rj per cent 
of the amount of glucose retained The observed S D A of loperccntis well with 
m this theoretical range ItremamsforfutureworivtocomparetheSD A and the 
R Q with chemical determinations of glycogen deposition under conditions which 
would be feasible for clinical use 
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level of 4S mg per cent within 5 hours One milligram of pure crystalline insulin 
contains 22 such units 

From a historical standpoint and because of its importance as a research tool 
and as a therapeutic agent, insuhn may be regarded as the dominant instrument 
in the symphony of endocrine action that results in normal carbohydrate metab- 
olism It should be remembered that any particular hormone is merely one of the 
components of the endocrine balance and that its actions depend upon the pres 
ence and simultaneous influences of the other hormones In this sense it is difficult 
to deal with one hormone at a time But, since it is even more difficult to describe 
the complicated actions and interactions of all the endocrine glands in a parallel 
fashion It does serve a useful purpose to discuss the subject as if insulin were carry 
mg the leitmotiv of the symphomc work while the other endocnne instruments 
amplified or modified the theme 

THE REGULATION OF INSULIN SECRETION 

In the post absorptive state and in the absence of physical emergencies or emo- 
tional crises the pancreas probably secretes small amounts of insulin into the blood 
continuously This constant secretion is a prerequisite for the efficient functioning 
of the hepatic regulatmg mechanism, which is the most important factor m the 
maintenance of the normal blood sugar level (9, 10) (cf p 248) HMon (ri) has 
shown that a deficiency of insuhn and a consequent rise m the blood sugar level 
begins immediately after removal of the pancreas Soskin and his co-workers (la) 
found that it required a constant injection of insulin to maintain a constant nor 
mal blood sugar level m depancreatized dogs The latter investigators further 
showed that no extra secretion of tnsultn vas necessary for an adequate disposition 
of a sudden influx of carbohydrate (cf chap xxi, p 249) However, this does not 
contradict the considerable body of evidence which indicates that extra insulin ts 
ordinarily secreted as a result of hyperglycemia following carbohydrate intake (13, 
14) or as a consequence of central nervous system activity transmitted through the 
right vagus nerve (is 16,17) 

It has been shown that under special expcnmental conditions hyperglycemia 
may stimulate the pancreas both directly and by way of the nervous system (18 
19) In the normal intact animal these mechanisms for counteracting hypergfy 
cemia contend with other mechanisms that fend to raise the blood sugar lev eJ For 
example, asphyxia and certain drugs like metrazol, ordinanly result in hyper 
glycemia In animals m which the adrenal medullas have been destroyed, these 
agents cause hypoglycemia (20, 21) But when the right vagus nerve is 
cut m an adrenal medullectomized animal, the hyperglycemic agents produce no 
effect on the blood sugar level (20 21) Itisevident that vagal stimulation of extra 
msulm secretion acts as a restraining counterregulation in limiting the hyper^- 
cenuc- effects of the adrenal medulla and the sympathetic nervous system The 
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adrenal medulla and the sympathetic nervous system, on the other hand, may be 
regarded as emergency safeguards against hypoglycemia that is too rapid or too 
severe to be adequately handled by other medianisms 
It IS beyond the scope of this volume to discuss these emergency mechanisms in 
detail It may be pointed out, however, that their {^uhar status is revealed by the 
fact that adequate regulation of the blood sugar Wei (except for an increased sen 
sitivity to insulin) ordinarily persists even after all possible influence of the nervous 
system has been eliminated This has been shown after denervation of the hver 
(22), denervation or graftmg of the pancreas (23, 24, 25, 26, 27, 28, 29, 30), de- 
nervation or destruction of the adrenal medulla (31, 32, 33), bilateral vagotomy 
(34. 3S). and total sympathectomy (32, 36) 

THE KNOWN PHYSIOLOGICAL EFFECTS OF INSULIN 

1 Hypoglycemia — ^Smee highly purified insulin has been available for expen- 
ciental and climcal use, it has been administered to animals and humans under the 
most diverse conditions Except for diffcreoces m the magnitude of the effect ob 
tamed with a given amount of insulin (so<aUcd “sensitivity’ ), a hypoglycemic 
effect is invariably obtained, regardless of the state of the ammal This is true for 
animals at any age u whatever state of nutrition, and lacking the vanous endo* 
enne glands or visceral organs {37, 38, 39 4*) It is clear, therefore, that the hypo- 
glycemic eflect of insulin is a general one, which u not mediated by any particular 
organ or tissue Figure 42 shows the typical curves of action of regular and of 
protamine insulin 

Numerous attempts have been made to determine whether the action of insulin 
might be on the blo^ itself It has been impossible to demonsttate any change in 
blood in Vitro by the addition of losulm (41, 42) At one time it was claimed that 
insulin changed the blood glucose to a more reactive form (43, 44) (7 glucose), 
but this was never substantiated (4S» 4®) It is also known that insulin has no in 
fluence on the distribution of glucose between plasma and red blood cells (47) or on 
the rate of glycolysis of the blood sugar (48, 49) It seems certam, therefore, that 
the lowering of the blood sugar level *« vivo under the influence of insulin is a re 
suit of the more rapid withdrawal of sugar from the blood by the other tissues A 
decreased supply of sugar to the blood from the hver is an additive factor {50, 51, 

52) 

2 Glycogen deposition — Next to itshypoglywmic effect, the glycogenetic effect 
of insulin m skeletal muscle is Us most thoroughly substantiated direct action It 
IS readily demonstrable m vitro on thm sheets of muscle (diaphragm or abdommal 
muscle of the young rat) In the Warburg apparatus (53, 54, 55) It is important to 
remember, however, that this action of insulm *» viio is related to the existin*' 
blood sugar level from moment to moment both because of the amount of sugar 
available for deposition and because of the secondary counterregulations evoked 
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by hypoglyceraia Thus, unless the blocrf sugar is maintained by the sdnumstia 
tion of sugar, the h>-pogl> cemia resulting from insulin action mil ei ole a secretion 
of epmephrin from the adrenal medulla, which, m turn, may mask the glycogenebc 
effect of the insulin by causing a rapid breakdown of muscle glycogen to lactic 
acid 

That insuhn influences the deposition of liver glycogen is evident from the char 
actenstically low glycogen levels of the diabetic liver (56, 57) and their return to 

Blood 
Sugar 
(Mg per 
Cent) 



normal with msulin treatment (58, 59) But there is a paradoxical situation as re- 
gards the effects of administered insulm in normal animals, for (with a single w 
explained exception [60, 61)) all normal animals invariably exhibit a 
amount of hepaUc glycogen after insulm administration (62, 63, 64) ^ 

effect may be ascribed to the hypogjyamia induced secretion of eplncphnn 
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the consequent breakdown of bver glyct^n to blood sugar But this is by no means 
the whole explanation for Bndge (65) has shown that msulin administered with 
sufficient glucose to maintain a certain blood sugar level results m a smaller deposi 
tion of hepatic glycogen than the administration of that amount of sugar alone 
which will reproduce the same blood sugar level He also showed that this anom 
alous effect of insulin m normal animals could be obtained in the absence of the 
adrenal medulla 

The normal heart like skeletal muscle, deposits increased glycogen under the 
influence of msuhn (66 67) But cardiac glycogen is apparently more dependent 
Upon the concentration of sugar available m the blood than is the glycogen of 
other organs for the heart of the completely depancreatized ammal may contain 
large amounts of it (68 6g 70) — amounts which are reduced by restormg the 
blood sugar level to normal with msulin Thefindmgof Junkersdorf (71) of a high 
glycogen content m the cardiac muscle of phlorhmnized dogs with low blood sugar 
levels also suggests the possibdity of the formation of cardiac glycogen tn situ 
from non carbohydrate sources 

The glycogen content of the brain and nervous tissues on the other hand is in 
fluenced little if at all by either the blood sugar level or by the msulin content of 
the blood (7a 73) Indeed it seems bkdy that the small amount of glycogen 
which IS found in these tissues has more structural than metabolic sigtuflcance, 
since the amount is httle affected by various nutritional physiological andphar 
macological factors (74 7 S) 

3 Anhketogeiusts —As outlined m detail m chapter x, ketogenesis m the bver 
IS best correlated with a lack of glycogen Accordm^y insulin is antiketogemc 
(76 77» 78) under conditions m which it increases hver glycogen (in the diabetic 
orgamsm), but it may actually be kctogemc (79 80) under conditions in which it 
decreases liver glycogen (in the non~diabetic organism) Insulin has no influence 
whatever on the rate of disposal of ketone bodies by the extrahepatic tissues (81 
8j) 

4 ChangeintkeRQ — Whatever the significance of the R Q (chap aiv),msu 
Im has a definite effect upon it But the situation with respect to the difference be 
tween the normal and the diabetic organism and the influence of the amount of car 
bohydrate available is somewhat similar to that which obtams for glycogen depo 
siUon m the hver Thus m the absence of insulm the diabetic organism fails to ex 
hibit the nse m the R Q which follows the administration of sugar to the normal 
animal (83 84) The admuustration of insulin alone to the fasting diabetic organ 
ism results m an elevation of the quotient (8$ 86) However, msulin administra 
tion to the fasting normal organism results invariable changes of small magnitude 
(87 88 89), although msulin plus sugar does cause a more abrupt and more pro- 
nounced nse m the R Q than does sugar alone Insulin has either no effect on the 
oxygen consumption or may actually decrease it (54, 55, 67, 90) 
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When insulin does affect the R Q , the results bear no quantitative relation to 
the faU m the blood sugar level According to Bridge (gt), the R Q changes cor 
relate best with the level of hepatic glycogen (see chap xiv, p i6t) 

5 Decrease tn serutn inorgawc phosphate — In the absence of insulin the dia 
betic organism exhibits an abnormally high level of inorganic phosphate w tie 
blood ( 92 , 93) This is corrected by treatment with insuUn (93, 94) The admmis 
tration of insulin to the normal animal causes a diminution of serum inorganic 
phosphate below the normal level (95, 96, 97) There have been variable and con 
tradictory reports concerning supposedly parallel changes m the hexosemono- 
phosphate content of muscle, presumably due to the entrance of the blood serum 
morgame phosphate into muscle m this estenfied form (98, 99) But Soskin and 

TABLE 

CHANGE IN INORGANIC PHOSPHATE (PJ AND TOTAL AClD-SOLOBLE PHOS 
PHATE (Pt) of THE BLOOD AND IN HEXOSEMONOPHOSPHATE 
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his co-workers (42) have shown that the phosphate changes in blood and muscle 
are not directly related to each other and that only the faU m the blood inorganic 
phosphate is a direct consequence of insulm action The confusion was due to the 
counterregulatory reactions, whereby excessive insulm activity evokes a secretion 
of epmephrm, and vice versa When the actions of the individual hormones are 
isolated by exasion of the countcrregulating gland, the unopposed action of the 
administered hormone can be observed (Tables 19 and 20) 

The administration of msulm to the normal intact animal is followed by both 
the blood and the muscle phosphate effects In the absence of the adrenal glands, 
the action of insulm on the blood phosphate persists, while the hexosemonophos 
pbate m muscle is not affected The responsibility of refletly secreted epmepiirin 
for the muscle phosphate changes after insulm administration also accounts lot 
the absence of those changes m normal animals when sufficient dextrose to prevent 
hypoglycemia is admimstered with the insulm Conversely, epmephrm in the no*' 
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mal animal causes both a fall m the inorganic phosphate in the blood and a nse in 
the hexosemonophosphate in the muscle But in the depancreatized animal, only 
the muscle effect of epmephnn occurs 

The action of msuhn m lowering the blood inorganic phosphate is not explained 
by a loss of phosphate from the blood, for the total blood phosphate remains un 
changed It seems probable, therefore, that there is an estenfication of the morgan 
1C phosphate within the blood (42, 100), although the nature of the phosphate com 
pound which is formed is, as yet, unknown 

6 Decrease tn serum potassium — A number of mvestigators have observed a 
lowering of the potassium content of the blood serum followmg the admimstration 
of insulin to normal animals (101, 102, 103) There has been no elucidation of the 

TABLE 20 

CHANGE IN Blood Inorganic Phosphate (P.) and in Total 
Acid Soluble Phosphate {P») (Soskin it a (4a]) 

(In lliUigtams per Cent) 

The muimum deereaie is blood morgimc pbo«pb*te (P.) obtaioed <n th glucose m ssy depancreAtued 
animalvAso 4mg percent Hence no change in P*o( Uusamouotorless was considered to be aigoificaat 
throughout our work 
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with the naturally occurring I alanine as had Bach and Holmes This n trogen 
sparing effect of insulin was further demonstrated by Gaebler and others (no u i) 
m an indirect way They found that whereas extracts of the anterior pituitary ad 
ministered to normal animals resulted in nitrogen retention the same treatment 
m diabetic anunals caused an increased nitrogen excretion 

The administration of insuhn to the normal animal is followed by uncertain and 
contradictory results (iia 113) TTiere may be either no change or an actual in 
crease m mtrogen excretion However the anuno acid level of the blood does de 
crease s gnificantly (114 115) Like other effects of insulin under similar circum 
stances this is probably due to the counterregulatory effects of other glands par 
ticularly the adrenal medulla Luck and his co workers (i 16) have shown that m 
adrenal demeduUated animals insulin fails to lower the blood ammo acids while 
epinephrm will do so just as it docs in the normal animal It seems reasonable to 
conclude therefore that the apparent influence of insulm on the ammo acid level 
of the blood of the normal animal is actually due to the reflex secretion of cpi 
nephnn resuUmg from hypoglycemia This same sequence of events could of 
course also account for the increased excretion of mtrogen which sometunes fol 
lows the administration of insuhn to normal animals for epinephnn has been 
shown to increase protein catabolism 

However it is not at all certain that as de iiom s^cond^ry effects due to epi 
nephnn secretion insulin does not have a direct action of its own upon the blood 
ammo acids Mirsky and his co workers (117 118) found that m eviscerated and 
nephrcctomized dogs roamtamed by a constant injection of msuhn and glucose 
the blood ammo acids rose more slowly and injected glycine disappeared more 
rapidly than m similar animals maintained on sugar alone Since the absence of 
the liver and kidneys precludes a loss of the ammo acids by deamination these 
eiqierunents suggest that insuhn facilitates the use of amino acids m the muscles 
for synthetic purposes either directly or indirectly (see chap xix p 23S) 
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CBAPTER XVI 

THE MODE OF ACTION OF INSULIN 

A MORE detailed examination of the phjsiolo^cal effects of insulm shwls 
some light on the manner m which insulm influences carbohydrate roetab 
^ olism It may be wU to begin by directing our attention to skcktd 
muscle, because this tissue comprises about jo per cent 0/ the bodj weight, be 
cause It IS a Jess complicated organ, ui a biochemical sense, than Is the hver, and 
because more data concerning ti are avai/ab/e 

INSUlXrr AND CtyCOGENESrS in skeletal ArtJSCIE 
Although It IS facilitated by insulin, the deposition of glycogen can occur la the 
complete absence of the hormone (j, a) The /act that insulin w not essential /or 
glycogen fonnation has received tn tifra confirmation from the worl 0/ Con and 
his co*workets (3, 4J They synthesized gly-cogen Srom glucose in the test tube la 
the presence of the ncccssaiy enzymes but without insuha Indeed, they were ua 
able to demonstrate any effect when lasulm was added to their system (s 6 ) lu 
the Lvmg animal, Dambrosi (7) and LuJeens (S) have shown that the absence of 
insulin does not even limit the extent to which glycogen is restored after its de 
pletion by exercise It is the rate of restoration 0/ glycogen which is deficient, lor, 
whereas in the normal ammal it took r hour to restore the pre-existing gI>cogcn 
level, the muscle glycogen of the completely depancreatized znanal was restored 
)ust as fully in 4 hours Insulin, therefore, exerts its influence on the rate of gl/ 
cogen formation 

The major factor, other than uisulm which determines the rate of glycog^" 
synthesis is the concentration of sugar present This is, of course, in accord with 
the general nature of all enzyme reactions Con e( al (9) have shown that the 
amount of glycogen deposited m the hver of a en experimental animal depends 
upon the height at which the blood sugar fei «f « maintained rather than npe® the 
total amount of sugar given It has been possible in our own laboratory (10) to 
demonstrate this rdationship for muscle even more clearly on rat diaphragm r* 
pi/ro by the Warburg technic figure 43 shows the mcreasuig amounts of glycogen 
deposited at mcreasingsugar concentrations, with or without added insuhn It wQI 
be noted that at the highest concentrations of sugar the insulin exerted no sigtud 
cant effect over and above the effect of sugw concentration This relationship of 
insulin action (o sugar concentration « oonsatent with other actoas, which are (0 
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be discussed later In other words, insulin enables the t*ssues to do at low or ph)^! 
ological sugar concentrations that for idiicb they would otherwise require very 
high sugar concentrations 

INSULIN AND THE UTILIZATION OF SUGAR BY SKELETAL ITUSCLE 
One of the most firmly intrenched notions about insulm m the metabolic htera 
ture IS that it increases the dissimilation of carbohydrate This is without basis 
in fact, for, as pointed out in chapter xiv, no over all measure of dissimilation m 
the living organism is yet available The supposed pruof for the mistaLen asset 

Final 

Glycogen Content 
(Mg per Cent) 



Glucose in medium (mg per cent) 

no 43 —Influence of lugir concentnt on on flepos lion of glycogtn r»t diiphrepn in min « ith 
tnd without ueul n (Hechtei el al [toj ) 

lions IS based upon calculations of so-called oxidation” from the R Q (see chap 
xi) and the estimation of utilization from carbohydrate balance experiments 
lVierzuchowski(ii)usedRQ measurements tocalculate the amounts of sugar 
osdizcd before and after the administration of insulin m two normal unanes 
thetized dogs receivmg constant intravenous injections of glucose (Table 2 r) Ac 
cordmg to these calculations one of the animals "oxidized ’215 per cent of the as 
similated sugar before insulm administration and 27 3 per cent after insulin But 
the other animal "ondized ’19 i per cent before insulm andig o per cent after insu 
Im The results from the two dogs were averaged, and the conclusion arrived at was 
that insulm had increased the oxidation of assimilated glucose from 20 3 per cent 
to 23 2 pet ccntl 
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Best, Dale, Hoet, and Marks (14) measured oxygen consumption and made 
carbohydrate balance studies on the same eviscerated spinal cats In the absence 
of the liver they found that an increased amount of sugar disappeared from the 
blood following insulin administration and that the sugar which disappeared tras 
equal to the sum of the glycogen deposited m the muscles and the glucose equiva 
lent of the oxygen consumed In accordance with the state of knowledge at that 
time, Best el al (15) concluded that the effects of insulin m excess represent an in 
tensilication of its physiological effects, including the acceleration of the coaihus- 
tion of carbohydrate Hence their work has since been quoted as proof that insulin 
increases the dissimilation of carbohydrate 

A re examination of their original data shows that this conclusion was not war 
ranted Table 24 sumraariaes the pertinent figures from the experiments which 
they themselves selected as being most free from technical criticism The right 


TABLE 24 

INFIUENCE OF iMSUtIN ON GLUCOSE OXIDATION OF EVISCERATED 

Spinal Cats (Best tt oi fuj) 



hand column is our own recalculation of the amounts of sugar “oxidized ' m milh 
grams per kilogram per hour, inserted in order to make these values comparable 
It may be seen that animal No $ ‘oxidized” less sugar after insulin than before 
Ammals Nos 6 and 7, for which no pre msuhn periods are given, “oxidized kss 
sugar after insulin than animal No 5 “oxidized ’ without insulin It is clear that 
this work offers no support for the contention that insulin increases the rate cither 
of utilization or of the so-called“oxidation of carbohydrate 

The more recent work of Soskin and his co workers (16, 17) has confirmed the 
fact that insulin does not increase the utilization of carbohydrate in the organism 
as a whole, while at the same time giving some insight into the reasons for the 
previous confusion The form of the expenments was a chemical balance study m 
liverless dogs, as described m chapter xiv, where the relation of carbohydrate 
utilization to blood sugar level wasdiscussed Expenments similar to those whim 
were done on the normal animals, were repeated on completely depancreatue 
dogs which had been deprived of food and msuhn for 3 days Figure 44 summarizes 
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the results and compares them to those obtained in normal animals It may be 
seen that dextrose utilization in the depancreatued dog is qualitatively sumlar to 
that in the normal dog In both types of animal the rate of utilization depends 
upon theheight of the blood sugar level Within a'wide range of blood sugarvalues 
the diabetic dog utilizes less sugar than does the normal dog at any particular 
glycemic level But, above certain high levels this diScrence disappears and both 
types of animal use the same amounts of carbohydrate at the same blood sugar 

Dextrose UtiUzauon 
(Jtg/Kg/Hr) 



Fiq 44 — Kelabonitup between blood lugxt level and dextrroe ulUixxtion in nonail and In drpan 
crrabxeddogx (Soskia and Levine [ib]) 

levels U’/tew, howcter, one eompares the rale of uliUzalion of the normal ammal at tls 
usual normal blood sugar lerel u tlh the rate of ultUsahon of the diabetic animal at the 
hyPergl}cemic levels uhtch it ordinarily matntams, tl ts apparent that the diabetic 
animal habitually uses as much or more sugar than the normal animal 

It IS also clear that, ^hcn one admimstcrs insulin to a diabetic animal, t'no mu- 
tually counterbalancing effects are obtained there is a potential increase of the 
amount of carbohydrate that can be utilized at the pre-existing blood sugar level, 
but there is also a coincident reduction in the level The net result is no change in 
the rate of utilization In vww of these results, insulin cannot be regarded as es 
sential to the utilization of dextrose or even as a determining factor, so far as the 
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net rcsutl is concerned It apparently plays the part o! a catalyst or activator in a 

process iihidi can proceed atasloiserratewasateence i!m spcoBally itper 

mils rates of carbohydrate utitation nt Ion blood sugar levels irhidi in’its <6 
sencc requin: afanormaUy iiigft Wood sugar fcveis 

The question then arose as to whether the amounts of insulin avaiJaWe icv ih 
Aormal animal were such as to result m mammal rates of utjJtfatioa at any given 
blood sugar level To answer this questwn, carbohydrate balance expenments 
wre peiiomed on tMsceiAted nomal ammais mimtamed at particular blood 
sugar levels despite the constant administration of large amounts of insulin (i?) 
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normal animal is already optimal as regards the utilization ol sugar, so mat sudi 
tJonaJ msuhn causes no change But this » not the case a.s regards the storage e! 
muscle glycogen, which is increased as a result of additional insuhn 

Considering the fact that the lach of insulin causes a diminution m both utibrs 
tion and storage of carboh> drate by the peripheral tissues at anj given blood sugar 
level, It seems probable that insulm acts by promoting the coni ersion 0/ glucose 
into some intermediate substance which is necessaiy for both processes It may b? 
supposed that the rate of formation 0/ the mtemiediatc substance depends upon 
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the concentration of the blood sugar and upon the amount of insulin present In 
the untreated depancreatized animal the increased concentration of blood sugar 
can by itself lead to the formation of sufficient intermediate substance to support 
the normal rate of catabolism Honever, there is httle or no excess of the inter 
mediate substance available for synthesis to glycogen The admimstration of in 
sulm to the depancrealiaed animal increases the amount of mtcnnediate substance 
formed at any blood sugar level The animal now resembles the normal m having 
available suffiaent intermediate substance to maintam the normal or maximal 
rate of catabohsm even at normal blood sugar levels There is now also available 
additional mtermediate substance for ^thetic purposes In the normal animal, in 
TABLE 25 

iNFLUZNCe Of iNSCLtN, IN ROATIOV TO THE SLOOD-SCCAR 
Level, os tiie Rate or Entrv or Glucose into the 
FERIFHE aAL TiSSOtS OT LlN'EILESS AStUALS 
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which suffiaent mtermediate substance is already present to allow the catabolic 
reactions to proceed at their maximal rate, additional intermediate substance re 
suiting from insulin administration is reflected only in increased glycogen syn 
thesis 

If the action of insulm m the tissues is to promote the conversion of glucose into 
some mtermediate substance which is necessary lor both utihxation and glyco- 
genesis, a consistent effect of the hormone should be an increased rate of entry of 
sugar into the tissues, regardless of the fate of the sugar thereafter Ample data 
to show that this is the case were furnished by the carbohjdrate balance expen 
ments, in which sugar was constantly injected m order to mamtain constant blood- 
sugar levels (16, 17) Table assummaruesthesedata.as well as the results of com 
parable expenments of Best tt al (14, 15) 
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INSULIN AND THE DISSHIILATION OF CARBOHYDRATE 
BY SKELETAL MUSCLE in Vitro 

Since the advent of the Warburg technic, there have been a number of attempts 
to demonstrate the action of insulm tn vitro These attempts have been successful 
as regards the deposition of glyci^n in isolated muscle (p 169) but have been imi 
formly imsuccessful in showmg any mfluence of insulin on so called ‘oxidation or 
dissimilation of carbohydrate in manunalian muscle (18 ig 20) As in the whole 
animal, insulin causes either no change or an actual decrease m oxygen consump- 
tion, and there is no correlation between the oxygen consumed and the sugar which 
disappears (Table 18, p 157) 

In contradistinction to the results obtamed in maTTimarian muscle, Krebs and 
Eggleton and others (21, aa) were able to demonstrate an increased oxygen con 
sumption under the influence of insulin m minced pigeon breast muscle These ex 
periments were performed m the presence of glucose as the substrate and with the 
addition of citriciicid as a catalytic agent The high R Q obtained under these cir 
cumstances led to the conclusion that the mcreased oxygen consumption resulting 
from the addition of insulm signified a stimulation of carbohydrate “oxidation’ 
by the hormone Using the same tissue and pyruvate as the substrate, Rice and 
Evans (23) demonstrated an mcreased oxygen consumption with a coincidentally 
increased disappearance of pyruvate under the influence of insulin Apparently, an 
insulm effect on some oxidative process is obtainable in pigeon breast muscle 

The work on the muscle of birds tends to confuse the picture of insulin function 
rather than to clarify it for it must be pomted out that, of all the experimental aai 
mals pigeons are about the least suitable from which to draw conclusions of gen 
eral significance It takes relatively enormous doses of uisuhn m the intact bird to 
produce even a small fall in the blood-sugar level On the other hand, the removal 

. VI >.1. ^ n e mHmmf in 


of the fate of pyruvate m mammalian muscle According to IJock and iiaiuiuii 
(26), adimmstered pyruvate is disposed of just as rapidly by the completely de 
pancreatized dog as by the normal dog, while Bueding and Himwich (27) have 
shown that the admmistration of insulin with glucose actually results m a greater 
rise of pyruvic aad m the blood than does the mjection of the carbohydrate alone 
In view of these facts, it seems necessary to reserve the work on pigeon breast 
muscle for future mterpretation, for it is impossible to correlate or reconcile the 
results m birds with the much larger body of information obtained from mammals 

THE INFLUENCE OF INSUUN ON THE LIVER 
Evidence as to the mode of action of insulm m the hver is less abundant than 
the evidence for muscle, chiefly because hepatic tissue appears to be so sensitive 
environmental factors that relatively few successful tn ntro or perfusion expen 
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merits have beea repotted When studying the intact living organism, the results 
are difficult to interpret because of the many regulatory and counterregulatory in 
fluences to vjhich the liver is subject Nevertheless, there are sufficient data to 
show that the actions of insulin on the liver are correlated with the blood sugar lev- 
el, as they are in muscle 

Issekutz and Szende (28) were the first to demonstrate that insulm inhibits 
hepatic glycogenolysis They showed that livers removed from frogs which had 
previously received insuhn produced less sugar than did the hvers of untreated 
frogs Similar, though less well-controlled, results were obtamed by Con (29), 
Mohtor and Poliak (30), and Sahyun (31) by different methods On the other 
hand, Lundsgaard ei al (3a, 33) were unable to show that insulin bad any action 
on glycogen breakdown or deposition in the perfused livers of cats and dogs 

More recently, however, Soskm and his co-workers {34, 35) were able to demon- 
strate an inhibitory effect of added glucose on the rate of appearance of free sugar 
m minced dog hver tn vttro This offered the opportunity for the testing of the ac 
tion of insulin on hepatic glycogenolysis under simplified conditions A lobe of the 
hver was removed from normal dogs anesthetized with nembutal Insulin was then 
administered to the animals, and 30-45 minutes later the remainder of the hver 
was removed In the hver samples removed after msulm administration, there 
was a significantly lower rate of appearance of free sugar than in the samples re 
moved before msulm was given When glucose was added tn vtiro to both sets of 
liver samples, the rate of glycogenolysis was inhibited to a greater extent and by 
smaller amounts of added glucose m the^msulmized” samples than m the control 
samples (Table 36) It was apparent that msulm inhibited glycogenolysis in the 
hver and reinforced the inhibitory effect of added dextrose 

The antiketogemc and mtrogen sparmg effects of carbohydrate are ordmaiily 
considered as requiring the presence of insulin, since they are difficult to elicit in 
its absence But the hormone is not essential, as has been shown by Soskm (36) 
In fact, this work demonstrated that every cntcnon of carbohydrate utilization 
which IS exhibited by the normal animal can also be obtained without msulm m the 
completely depancreatized animal under the appropriate cxpeniaental conditions 
(see p 107) More recently, Mirsky and his co workers (37, 38) have shown that 
the antiketogenic and mtrogen sparing effects of carbohydrate can be obtamed m 
acutely diabetic ammals without msuhn if the blood sugar is raised to a suffiaently 
high level Hence, the mode of action of msulm with respect to the foregoing he- 


rnospnORYLATiov, the comuov tactos in msxTtiN Acnov 
It IS a reasonable a pnon assumption that the various physiological effects of 
insulin do not represent different and unrelated functions of the hormone It is 
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more likely that they are indirect consequences of a single catalytic influence cn 
some basic ewyme system. From the functional standpoint the fundamental ac- 
tion of insulin may be considered as being the increased rate of entiy of glucose 
(dextrose) from the blood and extracellular fluids into the tissue cells of the body 
This may not apply to organs like the brain and kidney; but it does apply at least 
to the skeletal muscles and liver, which compose the overwhelming bulk of tie 
metabolically active tissues of the body In biochemical terms^ the increased trans- 
it of sugar into the tissues may be described as the facilitation, by insulin, of a 


TABLE 26 

iNHiarrioM or Glvcogen«.ysis in liver brei by Deetrose and by 
Dextrose plus insolim (Tadbrnhaus ei ai (35I) 



*Vilu«iireinm)Uigr&ni>p<rigo(in oCbm c«>c<iUte<l M (locete 


basic phosphorylation which introduces carbohydrate into the metabolic processes 
of the cell Regarded from the physical aspect, it may be said that, by increasing 
the rate of phosphorylation of glucose within the cell, insulin causes a steeper 
gradient of free sugar across the ceU membrane and thus increases its rate of dif- 
fusion into the ceil 

As outlined m chapter iii, the present state of knowledge of the intermediate 
steps m carbohydrate metabolism indicates that the intermediate substance, the 
formation of which is facibtated by msulm, is one of the phosphorylated kexoses 
It will be recalled that the phosphorylation of sugar in the cell is accomplished by 
a substance possessing high-energy phosphate bonds, namely, adenosine tnphos- 
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phate (ATP) The original energy necessary for the production of ATP from 
adenylic acid must eventually come from sudi oxidative reactions as may be cou 
pled with the esterification of inorgamc phosphate It must therefore be assumed 
that insulin acts at an as yet unknown locus in this cycle of events (39 40) This 
IS consistent with the demonstrated eSect of msulm in estenfying inorganic phos- 
phate in the blood Cp 172) It is also supported by the recent work of Sacks (41) 
with radioactive phosphorus in which he showed that insulin increased the rate of 
turnover of the phosphate in ATP 

This hypothesis is compatible with the observed relationship between insulin 
action and sugar concentration It is to be expected that the rate of the basic phos 
phoiylation hke that of any other en^malic reaction would be mfluenced by the 
concentration of the substrate Like any other catalyst msuhn could be regarded 
as increasing the rate of the reaction for any given concentration of the substrate 
If the substrate concentration were high enough no additional effect of the cata 
l}^t could be demonstrated At low concentrations the action of the catalyst could 
be described as making possible rates of reaction which in the absence of the cata 
lyst would require very high concentrations of substrate 

From the foregoing point of view the various physiological effects of insulin 
which have been described as separate phenomena emerge as merely different 
parts of the same chain of events The fall m the blood sugar level is a direct re 
flection of the influence of insuUn on the basic phosphorylation m so far as it 
causes a greater rate of removal of sugar from the blood The association of po- 
tassium with the hexose phosphates m muscle also accounts for the withdrawal of 
blood potassium The accelerated metabohe processes made possible by the in 
creased rate of the first step in the series results m a greater disposal of the sub 
stratc both for synthetic and catabohe purposes (glycogen deposition and R Q 
change) The increased availability of the substrate to the enzymatic machinery 
of the cell allows carbohydrate to become predominant over protein and fat in the 
competition for the oddative systems Hence the catabolism of protein and fat is 
inhibited (antiketogenesis and nitrogen sparing action) The latter effects are nat 
urally prominent m the liver which is pnmanly concerned with the mterconver 
Sion of foodstuffs while the former effects are more characteristic of the skeletal 
muscles and other effector organs which derive their energy chiefly from carbohy 
drate and ketoacids 

INSULIN AND Tin: ENZYUATlC UACHINERY OF CARBOHYDRATE METABOLISil 
The dominant role of ATP in tissue phosphorylations was described in chapter 
IV This high-cncrgy phosphate compound is formed from adenylic acid and mor 
game phosphate and the potential energy which it represents and which must be 
forthcoming for its continuous formation is presumably denved from oxidative 
steps in the dissimilation of carbohj drate (Fig 46) Using radioactive phosphorus 
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more likely that they are imiirect consequences of a single catalytic influence on 
some basic enzyme system I rom the functional standpoint the fundamental ac 
tion of msulin may be considered as being the increased rate of entry of glucose 
(dextrose) from the blood and extracellular fluids into the tissue cells of the body 
This may not apply to organs like the bram and Udney , but it does apply at least 
to the skeletal muscles and Uvcr, which compose the overwhelming bulk of the 
metabohcally active tissues of the body In biochemical terms, the increased trans 
it of sugar into the tissues may be described as the facilitation, by insulin of a 


TABLE 26 

INHIBITION OF GLYCOcENOLVSIS IN LWER BREI BV DBXTROSE AND BY 
IlEXTRClSEji,USlNSULmCrAUBENMMJSdal lssl> 
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basic phosphorylation which introduces carbohydrate into the metabolic processes 
of the cell Regarded from the physical aspect, it may be said that by increasing 
the rate of phosphorylation of glucose within the cell, insulin causes a ste^r 
gradient of free sugar across the cdl membrane and thus mcreases its rate of 
fusion into the cell 

As outlined m chapter m the present state of knowledge of the intermediate 
steps m carbohydrate metabolism indicates that the intermediate substance, t e 
formation of which is facihtated by msulm, is one of the phosphoiylated 
It will be recalled that the phosphoiylation of sugar m the cell is accomplished y 
a substance possessing high-energy phosphate bonds, namel> , adenosine tnp 
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phate (ATP) The onginal energy necessary for the production of ATP from 
adenylic acid must eventually come from such oxidative reactions as may be cou 
pled with the estenfication of morgamc phosphate It must therefore be assumed 
that insulin acts at an as yet unknown locus in this cycle of events (39 40) This 
IS consistent with the demonstrated effect of insuhn in estenfying inorganic phos- 
phate in the blood (p 173) It IS also supported by the recent work of Sacks (41) 
with radioactive phosphorus in which he showed that msulm increased the rate of 
turnover of the phosphate in ATP 

This hypothesis is compatible with the observed relationship between insulin 
action and sugar concentration It is to be expected that the rate of the baste phos 
phorylation like that of any other enzymatic reaction would be influenced by the 
concentration of the substrate Like any other catalyst, insulin could be regarded 
as increasing the rate of the reaction for any given concentration of the substrate 
If the substrate concentration were high enough no additional effect of the cata 
lyst could be demonstrated At low concentrations the action of the catalyst could 
be desenbed as making possible rates of reaction which in the absence of the cata 
lyst w ould require very high concentrations of substrate 

From the foregoing point of view the various physiological effects of insulin 
wbch have been desenbed as separate phenomena emerge as merely different 
parts of the same chain of events The fall m the blood sugar level is a direct re- 
flection of the influence of msulm on tbe basic phosphorylation in so far as it 
causes a greater rate of removal of sugar from the blood The association of po- 
tassium with the hexose phosphates m muscle also accounts for the withdrawal of 
blood potassium The accelerated roetabobc processes made possible by the in 
creased rate of the first step m the senes results m a greater disposal of the sub 
strate both for synthetic and catabobc purposes (glycogen deposition and R Q 
change) The increased availability of the substrate to the enzymatic machinery 
of the cell allows carbohydrate to become predominant over protein and fat m the 
competition for the oxidative sy’stems Hence the catabolism of protem and fat 1$ 
inhibited (antiketogencsis and nitrogen spanng action) Thelaltereffects arenat 
urally prominent in the liver which is pnmanly concerned with the intcrconver 
sion of foodstuffs while the former effects are more characteristic of the skeletal 
muscles and other effector organs which denve ihcir energy chiefly from carbohy 
drate and ketoacids 

INSULIN AND THE ENZYMATIC KAanNEKY OF CARBOHYDRATE METADOUSU 

The dommant role of ATP m tissue phosphorylations was desenbed m chapter 
IV This high-cnergy phosphate compound is formed from adenylic acid and inor 
game phosphate and the potential energy which it represents and which must be 
forthcoming for its continuous formation is presumably denved from oxidative 
steps m the dissimilation of carbohy drate (Fig 46) Using radioactive phosphorus 
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as a tracer, Sacks (41) has demonstrated a more rapid turnover of ATP in the 
skeletal muscle of intact animals when glucose and insuUn were administered than 
when glucose alone was given Since the rate of phosphorylation of glucose de 
pends upon the rate of turnover of ATP, it is obvious that msuhn might act on 
any of the oxidative reactions that supply the energy for the rephosphoiylation of 
adenyhc aad But the fact that msuhn does not increase oxygen consumption, 
either tn vivo (42) or tn vttra (Table 27), makes this simple explanation untenable 
This anomalous situation might be revived by supposing that, without actually 
mcreasing the rate of oxidative reactions, insulin mcrcased their efficiency as re 
gards phosphorylation so that more moles of inorgamc phosphate were estenfied 
per mole of oxygen consumed (40) This is not unreasonable, in view of the fact 
that different mvcstigators have reported vanous ratios of phosphate esterifica 


TABLE JT 

Lack op ejtect op Insoiw os the oxvcen co''Sumptiom 
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tion to oxygen consumption according to the expenmcntal conditions which they 
employed 

Considering the fact that insulin usually nusea the R Q without affecting the 
oxygen consumption, one might suppose that msuhn acted on some as yet un 
knon n non oxidative decarboxylation But this could hardly be a direct or essen 
tial part of msuhn action, m vicn of certain of GemmiU s results (Table 28) It 
may be seen that he was able to demonstrate a very significant action of msuhn 
as regards glycogen deposition with no appreciable influence on the R Q 

Of course insulin might act higher up in the scheme of dissimilation and be con 
cemed either with the enzj-me acting directly on glucose (Fig 46 stepA)or\nth 
the systems between glucose 6-phosphate and ^jeogen (Fig 46 steps B and C) 
It has been possible to test the latter ^'stems with purified entymes m vilro, and 
the results base been negative as regards any effect of msuhn (3, 6) It has hke 
wise been shown that in the absence of added glucose msuhn has no effect upon the 
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rate of glycogen breakdown m mammalian muscle tn vitro (Fig 47) Unfottunat^ 
ly, It has thus far been impossible to obtain an extract of skeletal muscle which 
^will phosphoiylate glucose tn vtlro An enzyme obtained from yeast and kaown as 
“hexokinase” will do so, but it is not influenced by insulin However, hexokmase 
need not be similar to the enzyme ^tem responsible for glucose phosphorylation 
in mammalian muscle, for, while hexokinase will phosphorylate fructose even 
TABLE 28 

Influence of Insuun tn increasino the DEPOsrrroN of 
Glycogen in rat DiAPHRACit tn niro without 
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sence of glucose (Levine if of 139) ) 

more readily than it does glucose, mammahan skeletal muscle jn vtlro will deposit 
glycogen only from glucose and not from fructose, mannose, or galactose (Fig 
48) Until the glucose-phosphorylating enqrme of muscle is isolated, it will be im 
possible to decide whether or not insulin may act at this point 

Another difBculty is our present uncertainty as to the correctness of some of tt>e 
details in our conception of carbohydrate dissimilation as outlined m Figure 4 
For example, m the same experiments m whidi Sacks (41) showed that insulm m 
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It is evident that while we arc perhaps closer to the solution of insulin action 
than we are to the action of any other hormone, the problem is far from solved 
It may be that the failure to arnve at the ultimate solution depends upon the fact 
that very httle tn vilro work has been done with the tissues of diabetic ammals We 
have seen that in the normal intact animal an optimal amount of msulm, as re- 
gards glucose utilization, is present, so that the administration of additional m 
suhn 13 without influence m tbs respect It does increase glycogen deposition m 
the muscles and tbs effect can also be demonstrated m isolated normal muscle 
in tdro Further in tiho investigations using diabetic instead of normal tissues 
might be fruitful as regards other influences of insulin Certainly, not much prog 
ress was possible m the search for the points of action of the vanous components 
of the vitamin B complex on the enzymatic machinery of metabolism until the 
tissues of animals deprived of specific vitamms became available However, the 
authors must confess that their own tn wlro studies with diabetic mammalian 
muscle have not been very enlightening thus far Table 29 indicates a number of re 
spects m wbcb the diabetic muscle does not ;^>pear to differ from normal muscle 
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CHAPTER XVII 


THE ADRENAL CORTEX 

T he essential nature of the adrenal glands to the nell being of man was 
first mdicated in Addison’s original description (i) of the disease which 
has since been called by his name The influence of the gland on carbohy 
drate metabobsm was for a long time asenbed to the secretion of the adrenal 
medulla In 1909 Forges (a, 3) reported the occurrence of hypoglycemia in Addi 
son’s disease, which was by that time recognized as primarily affectmg the adrenal 
cortex He also demonstrated the occurrence of low carbohydrate levels m bilater 
ally adrenalectomized dogs Despite subsequent substantiation of these findings, 
little advance in knowledge as to the carbohydrate functions of the adrenal cortex 
was made until the early work of Bntton and his co-workers (4, 5, 6) 

Stewart and Rogoff (7) had previously made adrenal cortical extracts capable of 
maintaming the hfe of adrenalectomized animals Swingle and Ffiflner (8, 9) do 
vised a new method for extraction but were particularly struck by the influence of 
their extract on salt and water metabolism Britton and his co workers (5, 10, xt), 
on the other hand, emphasized the importance of hypoglycemia and low glycogen 
levels as factors leading to the death of their adrenalectomized animals ^^'hlle 
they also observed certain eflects on the sodium and potassium levels of the blood, 
they insisted that the prepotent influence of thcit extracts was exetled ori carbo 
hydrate metabobsm 

The controversial nature of the subject gradually abated as it became apparent 
that both the mineral and carbohydrate effects were salient features of adrenal 
ectomy, that they could be obtained with adrenal cortical extracts, and that ihej 
ricre not completely independent of each other The use of depancreatizcd and of * 
hypophysectomized animals facilitated the establishment of the carbohydrate I 
functions of the adrenal cortex, and, finally, the potent steroids, separated from 
the extracts b> Reichstem (is) and by Kendall (13), have made possible the ac 
cumulation of data on each aspect of adrenal function, uncomplicated by the 
other 

THE STEROIDS OF TOE ADRENAL CORTEX y/ 

The attempts at isolation of the adrenal cortical hormone have made it suflia«t 
Ij evident that, whatever its natural structure, extracts of the gland may not be 
regarded as containing a single active substance Hartman e/c/ (14) have reported 
that they find two factors m adrenal cortical extracts which potentiate each other 
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but whjch have largely separate actions One maintains the sodium levels of the 
tissues but IS relatively ineffective m mamtaming appetite and normal behavior 
and m preserving life in adrenalectomizedcats The other factor C'cortin”) is ve^ 
potent in preserving hfe, appetite, weight, and normal behavior even while the 
serum sodium remains low In the Ught of other work, however, the views of Hart 
man et al would seem to represent an oversimplification of the problem and to 
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minimize the importance of the sodium and potassium balance for the well being 
of the living organism 

The isolation and identification of a number of steroids (13 15, 16) from the 
adrenal cortex and the study of their physiological properties and those of the 
amorphous fractions have revealed that the various compounds or fractions have 
certain activities m common Figure 50 shows the formulas of some representative 
cortical steroids However, aparticular compound or fraction may exhibit one ac 
tivity to the highest degree and be relativdy impotent m other respects In the ab 
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sence of more precise knowledge of that vital function, the failure of which is the 
most urgent cause of death in untreated adrenalectomizcd animals, it is con\ eruent 
to compare the various cortical steroids and fractions in regard to the following 
effects on such animals (a) the maintenance of life, (J) the restoration of normal 
carbohydrate levels m all tissues, and (e) the restoration of normal sodium and 
potassium balance and excretion To these effects may be added the restoration of 
the ability of the muscles to continue to perform work in response to prolonged 
stimulation, according to the test developed by Ingle (17) But smee the activities 
of substances in this respect run parallel with their carbohydrate effects, these two 
actions may be considered together 

Kendall s amorphous fraction (cortin) and his desoxy B compound seem to be 
the most potent for mamlainmg life (18, 19) The carbohydrate levels are best re 
stored by corticosterone and its derivatives which have an oxygen or hj droxyl 
group on C„ (19, ao) In this respect, cortin has some effect, but desoxycorticoster- 
one has very httle (ai) The relative potencies of the substances acting on carbo- 
hydrate levels mamtam a similar relationship when these materials are tested on 
muscular work performance (19, aa) Some of the earber work with synthetic 
desoxycorticosterone acetate, while showing its powerful influence on the sodium 
and potassium balance, had revealed no action on carbohydrate metabolism (33, 
34) This IS apparently a matter of dosage, for Harrixm and Harrison (35) have 
reported that 1 35 mg daily of the substance would maintain life and a normal 
mineral balance in adrenalectomized rats but that it required 3 5 mg daily to 
mamtam a normal blood sugar level Similar evidence is avaJable m the work of 
Britton and Corey (36), Ingle (37), Wells (38, 39), and long, Katzm, and Fry (31), 
although these authors differ from Harrison and Harrison and from each other as 
to the comparative potency of desoxycorticosterone on carbohydrate metabolism 

Table 30, which modifies and amplifies one of Ingle’s (19), summarizes the rela- 
tive quantitative effects of salt and of steroids, which have been shown to substi 
lute for the functional activity of the adrenal cortex in one respect or another 

DETICIENCES RELIEVED BY SALT TKEATUENT 

In Spite of the qualitative difference m the prepotent activity of the vanous 
substances which may be separated from adrenal cortical extracts, it is impossible 
to discuss the materials concerned with the metabolism of the foodstuffs without 
also considenng those which primarily affect the mineral balance This is because 
the absence of the latter in adrenalectomizcd animals disturbs the normal env iron- 
roent of all cells and thus produces ceitam secondaiy disturbances in metabolism 
The secondary effects are most readily distinguished from the primary metabolic 
effects of adrenalectomy by a consideration of those disturbances which are allevi 
aled by combating the mineral imbalance with a high sodium and low potassium 
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intake The symptoms of adrenal cortical insufficiency which are relieved by «i!t 
treatment are as follows 

1 Decrease tn the sodtinit contenlafidtncreasetniiiepoiasstimojthcblaodserum - 
This is accompanied by an increased excretion of sodium m the urine and a de- 
Creased excretion of potassium (30, 31) Hie changes in excretion are known to be 
due to a specific effect upon the kidney tubules (32) The changes in the blood 
levels are due partly to disturbed kidney function and partly to a similar derange 
ment of electrolyte balance m the other tissues of the body (33, 34) 

2 Dekydratton Qnd hemoconctntraiion — These are secondary to the loss of H ,0 
involved m the excessive excretion of NaCl They are partly responsible for the 

TABLE 30 

degree of kESTORATlQH TO NORMAL OF THE EFFECTS OF ADREMALECTOVy 

BY Various Modes of Substitutioh Therapy 
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rise m blood urea, although the disturbance in kidney function also contributes to 
this effect (34 35) 

3 Acidosis — ^This is due to the retention of acid metabolites and anions, whicn 

ate ordinarily neutralized and excreted by the kidneys The failure m excretion w 
due m part to the circulatory failure and in part to the specific kidney disturbance 
A feature of the latter is an inability to produce NHj for the regulation of the acid 
base balance , 

4 Impairment oj carbohydrate absorption by the gastro mUshnal tract ana of m 
glycogen deposition from ingested carbohydrates — ^These effects may bt related to 
the movement of potassium out of all tissue cells Fenn showed that the passage 0 
sugar into the cell was accompanied by a movement of potassium m the same di 
rection (36) 
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2 Reduced levels of tissue glycogen, partteularly that of Uver glycogen, during 
fasting — This is due to an inability to manufacture glycogen from the body stores 
of non-carbohydrate precursors and acaiunts also for the hypoglycemic effect of 
fasting (19 21, 34, 48) 

3 Diminished urinary nitrogen excretion during fasting — In view of the fact 
that the protein fed adrenalectoinixed amroal excretes normal amounts of nitrogen 
(2 1 , 49) , It seems likely that the difEculty m t he fasted adrenalectomized atu rnal is 
that of mobilization of protem from the tissues and its breakdown to the ammo 
acid stage 

4 Disturbance in fat mobilization — Anterior pituitary extracts (5o),phlothizm 
administration (51), or phosphorus poisoning (jt) result m the accumulation of 
fat m the hvcrs of normal animals but fail to do so m the absence of the adrenals 

5 Alleviation of experimental diabetes — ^The diminution of hyperglycemia, gly 
cosuna and ketosis m depancreatized and phlorhizmized animals which lack the 
adrenal cortex is readily explained by the disturbances m the mobilization of pro 
tern and fat and the consequent dearth of raw materials for gluconeogenesis (tg 
31,48 S». S3) 

6 /nijdm jcrwihwly —This is not due to the lack of available liver glycogen to 
combat hypoglycemia, for the salt treated adrenalectomized animal with a fairly 
normal hepatic glycogen level still exhibits the sensitivity (48, 54, 55) 

7 ifwscular waknesi —This is alleviated by the administration of carbohy 
drate (19, 56) 

Treatment of fastmg adrenalectomized animals with corticosterone or cortm 
(19 21, 34) restores the normal blood sugar level and, in large doses, may cause 
hyperglycemia (see Table 31) Such treatment also increases the liver glycogen in 
normal, as well as m adrenalectomized, animals (19, 21) The muscle glycogen is 
not so readily affected either by adrenalectomy or by the adinimstration of cor 
tical extracts Recent work has also confirmed the previous reports that the lack 
of adrenal cortical hormone diminishes the hyperglycemia and glycosuna of dia 
betes (21, 48, 52) and that the administration of active cortical hormones restores 
the severity of the diabetic syndrome (28) Spraguer/of C57) have reported a case 
of a typical diabetes mcUitus in a woman whch disappeared completely upon the 
removM of an adrenal cortical tumor 

Wells (28) has reported that the mjection of phlorhizui into salt treated adrenal 
ectoimzed rats causes them to excrete much smaller amounts of glucose than sun 
ilarly injected normal rats Corticosterone and 17 hydroxy n^lehydfocorticos 
tetone (Compound E) increase the glucose excretion of the phlorhizmized adrenal 
ectomized animals to that of phlothizm treated normal rats The amorphou^rac 
tion (cortm) and desoxycorticostcrone have relatively lesser effects (see Table 
32) 

It may therefore be concluded that the primary metabohe functions of the 
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adrenal cortex are concerned with hepatic ^uconeogenesis from non-carbohj drate 
precursors The observation of Corey and Bntton (58) that cortical extracts re« 
tard the fall of glycogen in perfused livers also suggests an antiglycogenolybc ac' 
tivity of the adrenal cortex This may explain the more marked effects of cortical 
extracts on liver glycogen, as compared to muscle glycogen It also helps to dis 
tinguish the action of these extracts from those of the anterior hypophysis (59) 
(see chap xix, p 225) 


TABLE 31 

Dtects of acres u-ectomy and of Cobticu, Stekoids os TUE Carbo- 
hydrate Leveis of Rats and xtiCE (Lose el aS {itD 



From their obscrv ations on the effect of cortical extract on the R Q of glucose- 
fed adrcnalectomued animals, Long Russell, and others (48, 60, 61) have supposed 
that the adrenal cortical hormone may depress carbohydrate ‘oxidation ” This 
conclusion is subject to the usual objections which apply to such use of the R-Q 
(62) Jloreovcr, Scly e and Dosne {63) have sho^vn that, while cortical extract will 
inhibit the fall in blood sugar of partially hepatectomizcd rats, it fails to have any 
effect in completely livcrlcss animals (confirmed by Rcinccke I64I) Concordant 
endence in patients suffering from Addison s disease was reported by McBrydc 
and De la Bake (75), who found a \ery significant mcrcasc m the arteriovenous 
blood sugar difference after treatment with cortical extract rich m the C,, steroids. 
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2 Reduced levels of tissue glycogen, particularly that of liver glycogen, during 
fasting — This is due to an inabihty to manufacture glycogen from the body stores 
of non carbohydrate precursors and accounts also for the hypoglycemic effect of 
fasting (19, 21, 34, 48) 

3 Diminished urinary nifrogen excretion during fasting — In view of the fact 
that the protem fed adrenalectonuzed animal excretes normal amounts of nitrogen 
(21, 49), It seems likely that the difficulty m the fasted adrenalectonuzed amm^is 
that of mobilization of protein from the tissues and its breakdown to the ammo 
acid stage 

4 Disturbance in fat tnohiltzahon — Anterior pituitary extracts (50), phlorhizm 
admimstration (si), or phosphorus poisoning (51) result m the accumulation of 
fat m the hvers of normal animals but fad to do so m the absence of the adrenals 

5 Alleviation of experimental diabetes — ^The diminution of hyperglycemia, gly 
cosuna and ketosis m depancreatized and phlorhizmized ammaJs which lack the 
adrenal cortex is readily explained by the disturbances in the mobilization of pro 
tern and fat and the consequent dearth of raw materials for gluconeogenesis (ip 
31, 48, S3, S3) 

6 /nrufm sensitivity —This is not due to the lack of available liver glycogen to 
combat hypoglycemia, for the salt treated adienalectonaized animal with a fairly 
normal hepatic glycogen level still exhibits the sensitivity (48, 54, 55) 

7 Muscular ueahness — ^This is alleviated by the administration of carbohy 
drate (19, $6) 

Treatment of fasting adrenalectonuzed ammals with corticosterone or cortin 
(19 21, 34) restores the normal blood sugar level and, in large doses, may cause 
hyperglycemia (see Table 31) Such treatment also increases the liver glycogen in 
normal, as well as in adrenalectonuzed, animals (19 21) The muscle glycogen JS 
not so readily affected either by adrenalectomy or by the administration of cor 
tical extracts Recent work has also confirmed the previous reports that the lack 
of adrenal cortical hormone diminishes the hyperglycemia and glycosuria of dia 
betes (21,48, 52) and that the administration of active cortical hormones restores 
the severity of the diabetic syndrome (28) Sprague e/ of (57) have reported a case 
of a typical diabetes mellitus in a woman which disappeared completely upon the 
removal of an adrenal cortical tumor 

Wells (kS) has reported that the injccUon of phlorhizm into salt treated adrenal 
ectomized rats causes them to excrete much smaller amounts of glucose than sun 
ilarly mjected normal rats Corticosterone and 17 hydroxy n-dehydrocorticos 
terone (Compound E) mcrease the glucose excretion of the phlorhizmized adrenal 
ectomized animals to that of phlorhizm treated normal rats The amorphous frac 
tion (cortm) and desoxycorticosterone have relatively lesser effects (see Tab e 

33) 

It may therefore be concluded that the pnmaiy metabohe functions of the 
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adrenal cortex are concerned with hepatic gluconeogenesis from non carbohydrate 
precursors The observation of Corey and Bntton ($8) that cortical extracts re- 
tard the fall of glycogen jn perfused hveis also suggests an antiglycogenolytic ac- 
tivity of the adrenal cortex This may explain the more marked eSects of cortical 
extracts on liver glycogen, as compared to muscle glycogen It also helps to dis 
tmguish the action of these extracts from those of the anterior hypophysis (59) | 
(see chap xix, p 225) 


TABLE 31 

Effects of AnPENALSCTOity and ot Cortical Steroids on the carbo- 

HYUBATELEIiELS (S' RATSANOMlCE(LONGcf nl {21]) 



From their observations on the effect of cortical extract on the R Q of glucose 
fed adrenalectomized animals, Long, Russell, and others (48, 60, 61) have supposed 
that the adrenal cortical hormone may depress carbohydrate “oxidation ” This 
conclusion is subject to the usual objections which apply to such use of the R Q 
(62) Moreover, Selye and Dosne (63) have shown that, while cortical extract will 
vrii'ifei'L the fall m’bVood sugar c 4 partially hepatecltamzed rats, it lads to have any 
effect in completely Iiverless animals (confirmed by Reinecke [64]) Concordant 
evidence in patients suffermg from Addison’s disease was reported by McBryde 
and De la Baize (75), who found a very ^nificant increase m the arteriovenous 
blood sugar difference after treatment with cortical extract rich m the C,j steroids. 
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despite the fact that this treatment undoubtedly increases the rate ot circulation 
It IS apparent, therefore, that cortical extract docs not inhibit the uptale of sugar 
by the peripheral tissue but probably stimulates gluconeogenesis in the liver It is 
suggested that its tendency to counteract uisulm hypoglycemia (54 55) is exerted 
in a similar manner 


TABLE 32 


Effect of Ehlouheiv upon the Excretiov of Dextrose and Nitrogen 
BV Rats under Varying Conditions of endocrine abution 
AND Substitution Therapy* 
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Tiie probability that the low carbohydrate levels in the fasting adrenalecto 
mized animal are not due to an inacased carbohydrate "oxidation” is enhanced by 
the demonstration of an impaired work performance of the muscles Ingle(i9) 
shown that the work performance is markedlj dimimshed in adrenalectomized 
ammals, even when they are mamtained m apparently good condition by a diet 
high m sodmm and low m potassium This effect is due wholly to the loss of the 
adrenal cortex for removal of the adrenal medulla has no induence (6s) The po 



THE ADRENAL CORTEX 


207 


tency of vanous cortical steroids in restonng the ability of the muscles to do work 
IS parallel with their potency as regards carbohydrate metabolism (see Table 30) 
Ingle has also shown that the work petformance is restored to normal by the ad 
ministration of glucose m the absence of cortical compounds These observations 
would present a cunous anomaly if one were to accept the conclusions of Long and 
CO workers as regards the increased ' oxidation’ of carbohydrate in adrenalecto 
mized animals and its suppression by cortical hormones One would have to recon 
cile the facts that both the administration of cortical steroids which supposedly 
suppress glucose "oxidation ’ and the administration of glucose itself lead to a res 
toration of normal work performance 

The manner m which the adrenal cortex stimulates hepatic gluconeogenesis is 
by no means clear, but evidence is forthcommg that it influences the mobilization 
and catabolism of both protein and fat Nitrogen excretion is decreased following 
adrenalectomy, and the administration of cortical extracts restores the mtrogen 
output to normal The increased glycosuria observed after the treatment of adre 
nalectotnized depancreatized animals with cortical fractions or steroids is accom 
pained by a corresponding increase in the urinary nitrogen Wells et al (28) have 
demonstrated similar effects with the cortical substances in phlorbizinized adrenal 
ectomized rats (Table 32) Another observation which 13 consistent with the cata 
bobc effect of the adrenal cortex on protein metabolism is that of Fraenkel Coniat 
etal (66), who showed that adrenal cortical extracts or the adrenotrophic fraction 
of the anterior pituitary cause an increase m the level of bver argmase, an enzyme 
which IS concerned in the formation of urea from ammo acids (67) 

Concerning the mobilization of fat it bad been shown that the phospholipids 
and fatty acids of the blood were decreased following adrenalectomy (68) and that 
vanous procedures which increased the fat content of the liver in normal animals 
usually failed to do so in the absence of the adrenals (69) Barnes et al (43} have 
recently fed spectroscopically active fatty acids to fasting normal and adrenal 
ectomized rats ^Vhlle they were able to identify the admmistered fat in the bvers 
of their normal animals, this was not the case m the operated animals The work 
of Nelson et al (70) gives an indirect indication of the decreased catabolism of 
fatty acids after adrenalectomy They found that the rate of utilization of intra 
venously injected sodium jS h> droxybutyrate was markedly reduced in adrenal 
ectomized rats, as compared to normal amnials Since adrenalectomy does not 
change the blood ketone level it may be inferred that the production of ketones 
from fatty acids is diminished in the absence of the adrenals 

It should be noted that, while the effect of the adrenal cortex on hepatic glu 
coneogenesis is unquestionable, there is as yet, httle evidence that this influence 
IS a specific one, exerted directly on the liver The fact that salt treated adrenal 
ectomized animals, when fed, can maintain good carbohydrate levels suggests that 
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the reduced carbohydrate levels of fasting may result from a disabihty ui the mo 
bilization of protein and fat from the peripheral stores 
Finally it should be emphasized that while the separation of adrenal cortical 
functionsinto mineral and carbohydrate groupsisaconveruentpouvtofvKw 
there is a certain amount of overlapping of functions Thus Anderson and Joseph 
(71) have shown that salt treatment has a beneficial effect upon the fasted adrenal 
ectomized rat both as regards increasing the survival period during the fast and m 


Ur ne 
N trogen 
(Mg per Day) 



Fio jj — Influence of salt treatment up<m the n trogen excretion of the fasted adrena3ectom«ed rat 
(From the data of Anderson and Joseph I44 71I ) 


creasmg the urinary nitrogen excretion Figure 51 illustrates their results and m 
dicates that the mamtenance of the mineral balance in adreaalectomized animals 
does support glucoueogenesis to some extent A similar slight mfluence of salt 
treatment on work performance has also been demonstrated by Ingfe (72) It may 

well be that when all the facts are known the two sets of functions will be found to 

depend upon the same basic enzyme systems m the cell and that they will be seen 
to differ only in that each is necessary for a different stage of the reaction chain 
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CHAPTER XVIII 

THE THYROID 

C linicians have long recogmied the influence of hyper or hypothyroid 
states on carbohydrate totcnncc (i, 2} and on coexisting diabetes mel 
htus in humans (3,58) InsheqiBodansky (4)found that thyroidectomy 
caused a decrease tn the blood sugar level, while thyroaan administration raised it 
in oormal, as well as in thyroidectomiaed, animals However, since thyroidectomy 
of the normal or depancteatued dog and cat apparently has little influence on 
th^ir carbohydrate tolerance, many writers hav c been led to mvownuc the role of 
the thyroid m this regard (5, 6, y) It must be pointed out that most of these aui 
thors neglected to verify the hypothyroid status of their apenmcntal animals 
And since Jifanne (8) has deatoustrat^ aberrant thyroid tissue m over ^percent 


hormone was administered 

UXTABOUC tnECTS OT IKYKOID ffOailOVE 
I The blood sugar level m hypo or hypcrthyroid states is influenced by the 
effects of the lac-h or excess of homionc upon the gasfro intestinal tract and the 


secondary to the changes in metabolic rate, for even large mcreases w toe lauw, 
caused by dinitrophenol adtmmsiration, have no influence on the absorption ol 
carbohydrate The influence of the thyroid on the rate of absorption of sugar is re 
fleeted m the rue and fall of the blood sugar level which follows the ingeslicm oi a 
carbohydrate meal or the oral adnunutration of sugar solution for testmg puf 
poses In hyperthyroidism the oral dextrose tolerance curve {cf chap m, p 24S) 
(ends to be “diabetic” w nature, m hypothyroidism it tends to be "flat ” Tbeab- 
nonnahtiea arc not seen when the factor of intestinal absorption is ehnunated by 
administering the dextrose intravenously 

Intfiepost absorptive state, when the blood sugar is being supplied by the liver, 

the susceptibility of the fatter to glycogenolytic agents or influences has a besniig 

« Hus effect of thyroid is not limited to ibe |ntestja»l mucosa, but applies also to otter epithcha! sIhk 
lures e g tubules (sg) 


at* 
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on the blood sugar level As judged by the results of epmephnn administration, 
the glycogen m the liver of the hyperthyroid organism is more readily broken down 
than that in the normal liver The actual outcome of this state of affairs is, of 
course, dependent upon the amount of hepatic glycogen present , and this may lead 
to apparently anomalous results Thus, Abbott and Van Buskuk (i i) have shown 
that, while the induction of mild hyperthyroidism leads to an exaggerated hyper 
glycemic response to epmephnn, severe hyperthyroidism, which depletes the he 
patic glycogen stores, may lead either to no hyperglycemic response or even to 
hypoglycemia 

2 The glycogen content of tissues other than the liver is also affected by abnormal 
thyroid states While lesser degrees of hyperthyroidism have little effect on muscle 
glycogen, Dambrosi has shown that the administration of large amounts of thy 

TABLE 3J 

Relation of Vitamin 8 Complex Som.y to thb &fect of thyroid extract 
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roid hormone definitely interferes with the rate of recovery of glycogen in cxer 
ci^ed muscle (12) Hyperthyroidism also depletes the glycogen of cardiac muscle 
There is some parallelism between the decreased carbohydrate stores and the m 
creased excretion of creatine m the urine These effects of the thyroid hormone are 
not simple in their mechanism, for a lack of the hormone does not produce the op 
posite results Hypothyroidism is characterized only by a moderate decrease m 
the glycogen content of all tissues 

It has become evident recently that the amount of available vitamm B complex 
has a bearmg upon the manifestations of hyperthyroidism (30) — so much so, in- 
deed. that It wiU require further work m which the experimental ammals or sub- 
jects are given ample supplies of vitamin B complex, to demonstrate the pure syn- 
drome of hyperthyroidism uncomplicated by Uck of the vitamm A glimpse of the 
true picture has been provided m the work of Dnli and his co-workers (13), sum 
manzed in Table 33 It may be seen that an amount of yeast concentrate approxi 
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mately sue times the maintenance dose Sor normal animals compietel'y counter 
acteef the gj> cogen depleting effect of a dose of thyroid which caused i ctysigmB 
cant fo<s of glycogen m unprotected ammals It is also important to note that the 
etfra yeast prevented loss m body weight and led to an actual mcrease in Uver 
weight (13, 14) 

3 The increased frotettt catabolism and nitrogen excretion accompanyiD^f byper 
ffiyroicfjsm or foffowmg the adnuiMStratioo of thyroid substances has Jong been 
recognized nhe aggravation of clmicat diatietes mellitus by hyperthyroidism and 
Its amehoration m hypothyroid states have linked the thyroid activity on protein 
breakdown with gfuconeogenesis from protein Stcrnheimer (lyl has now shown 
that the so called "latent penod between the injection of thyroxin and the first 
rise in oxygen consumption is not a period of inactivity Within 6 hours alter the 
iniection of a single dose of thyroxin into rats, he found a loss of hver j'lyco^en and 
the begmmng of a rise m liver protein These changes became more marked up to 
about the forty eighth hour and then showed a reversal in direction By the eighty 
fourth hour the Uver glycogen reached apeak well above the original controllevcl 
while the total nitrogen of th»“ bver, though falling, was stiU above the ongmal 
figures These and other observations indicated that thyroxin first causes a mobili 
zation of protein from the peripheral tissues, and also a proliferation of the liver 

[cells, which may be partly at the expense of the initial glycogen stores Subsequent- 
ly, there is a new formation of carbohydrate from protein Gluconeogenesis Irom 
protein has also been observed by Wells ttal (16, 17, 18) mphlorhiamized normal, 
adrenalectomized, and hypophysectoinized rats which were treated with thyroxin 
Of thyrotropbic hormone (Table 36, P 329) 

4 In view of the evidence that thyroid hormone stimulates it 

is difficult to Understand the relatively minor or negative results as regards carbo- 
hydrate tolerance which have been obtained either by thyroidectooiy d htpio. 
creatized animals or by the adnumstration of thyroid substance to such ammals 
In 1938 Dohati and Lukens (jg) reinvestigated the effect of thyroidectomy upon 


found modification of diabetes which follows removal of the hypopftysis irom me 
depancreatized animal However, Sosbn et al (20) later demonstrated tbaV Vbt 
adnumstration of thyroxm to bypopbyscctonuzed dogs mamtamed a notmaibbod 
sugar level through long periods of fastuig and increased their unnary nitrogen en 
Ccetion to that of fasting normal dogs (Figs 32 and S 3 ) It is obvious, thwefote. 
that the secondary atrophy of the thyroid glandprobahly plays an important part 
m the decreased endogenous protein catabolism and m the related rarbobyoratc 
disturbance of the hypophysectomized animai (see chap xi», p 
The deficiency m the hypophysectomized animal which is counteracted by the 
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thyroid hormone does not involve the breakdown and transformation of amino 
acids to sugar, for ingested protein which otters the blood stream as ataino acids 
IS readily converted (chap XIX, p as^) Tlie di£ScwUy encountered by the hypoph 
j-sectomized animal during fasting must, therefore, he in the mobdiaation and 
breakdown of the body protein to ammo acids It is on this portion of nitrogen 
catabohstn that the thyroid hormone exerts its influence Tbis localization of the 
thyroid hormone effect is supported by certain data obtained in phlorhiain expen 
ments Lusk.andhisco-worker3(2i aa) showed that fasting thyroidectomized am 
mals excreted much less sugar and nitrogen under the influence of phlorhizin than 



Flo ji — Mamttninee by tbyroxiM ot & uotoal blotxl ws»r level la « r«tiog bypophysfcioaiutd 
Tbe upper sed Wei b>MkeR Uaei, respeclivriy im) cate tbe oiuimtun aed nuninium blacx] sugar 
leveSiffeiiday TJjehwvy cuntinuouilin* miJicBtesthttBeatt value for all iKe blood sugar est on 
twns (it kijt three per day) mide on each day (S<’slio *i«i Ikj} > 

did Similarly treated norma! animats There was no difference between the two 
types of animals vihen they were fed protein Here, again the defiacncy ansing 
from the absence of the thyroid was apparently in the mobilaation and breakdown 
of body protein to ammo acids 

Ihe question then arises as to why Dohan and Lukens, as weii as previous in 
t estigators, were not able to demonstrate the rde of the thyroid m depancreatized 
animals Indeed, they have recently reported on the subject again (23), this time 
to the effect that partially dcpancreati^ cats given thjToid extract m doses suffv 
cient to produce tachycardia and loss of weight did not exhibit any increase in gl> 
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cosuna Anterior pituitary extract readily increased the sugar excretion m the 
same animals We had obtained similar (unpublished) results m our laboratoiy, 
not only m depancreatized dogs, but also m depancreatized hypophysectomized 
(Houssay) animals One might speculate that the thyroid influences gluconeogene 
SIS from protein m the liver by inhibiting the previously mentioned anabolic action 
of msulm on protein metabolism If this were so, thyroid hormone might be ei^ect 
ed to have little effect in the absence of the pancreas But such an action of the 
thyroid would be difficult to reconcile with the report of Johnston and Maroney 



norma! dogs 

(24) that small amounts of thyroid are anabolic m effect as judgwi by the positive 
nitrogen balances obtained in growing children It would also be out of accord 
with the ev idence that the growth hormone of the anterior pituitary gland is moie 
eSectwe in the presence of the thyroid gland than in its absence and that stui 
greater growth can be obtained when thynam 15 administered along with the 
growth hormone (25) At the present tune, a more hWy possibihly as regards toe 
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difficulty of demonstrating the gluconeogenetic effect of the thyroid hormone in 
the absence of the pancreas is that the dqiancieatized animal given thyroid hor- 
mone may become deficient m the vitamin B oimpiex This as was indicated in 
the previous section, might prevent the thyroid hormone from producing its char 
actenstic effects 

It should be noted that intensive and long contmued treatment with thyroid 
extract can influence the seventy of the diabetic syndrome by damaging the islets 
of Langerhans (see chap ioc,p 24a,“MetathyroidDiabetes ) 
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Fig s 4 — The broken curve represents tbe utihzauonot dextrose by normal dogs (see chap iiv p 
IS t) The sol d dots represent the sugar otibzat on by dogs readered hyperthyro d by the administration 
of thyroxine 

S There is an abnormally rapid rale of carbohydrale vlihzation by the peripheral 
tissues of hyperthyroid animals, coincident with the increased amounts of glucose 
entering the blood from the gastro intestmal tract and from the liver When thy 
roxin treated dogs are hepatectoraized, the rate of fall of the blood sugar level is 
much greater than m hepatectomized untreated animals (26) Figure 54 compares 
the actual utilization of carbohydrate of normal and thyroid treated dogs as de 



CHAPTER XIX 
THE ANTERIOR PITUITARY 


T he relationship between the pituitary gland and carbohydrate metabo 
hsm diabetes m particular^ has been known clinically for a very long 
j time As early as 1908 Borchardt (i) recogniaed the large incidence of 

diabetes in acromegahc patients American clmicians Goetsch, Cushing, and Ja 
cobson (2, 3, 4) wrote on this subject in 1910, and the relationship continues to be 
the subject of clinical writing to the present tune It seems certain that, whereas 
the incidence of diabetes in the general population is about one half of i per cent, 
it occurs among acromegahc patients m about 25-40 per cent of cases Conversely, 
in hypopituitarism or Simmond’s disease, hypoglycemia is often a feature, while 
Cushing’s syndrome, with basophilic adenoma of the pituitary, is often character 
ized by hyperglycemia 

The significance of these clinical observations has now been indicated by the 
work of physiologists Curiously enough, the earliest work m this direction was 
rather misleading, as, for example, when it was found that an extract of the poste 
nor lobe of the pituitary gland caused a rise m blood sugar level as well as in the 
blood pressure More recently, however, the blood sugar raismg properties of ex 
tracts of the posterior pituitary gland (Pitmtrm) have been regarded as being of 
greater pharmacological than of physiological importance The remarkable work 
of the South American physiologist Houssay and of subsequent workers all o\er 
the world has shown that it is the antenor lobe of the hypophysis which is impor 
tant in regard to carbohydrate metabolism 

This relationship was shown by the two chief methods which are the basic proce 
dures of endocrinologic investigation, namely, the removal of the gland, on the 
one hand, and the adnunistration of extracts of the gland, on the other The effects 
of the removal of the anterior lobe of the pituitaiy gland were first shown by Hous 
say on toads The work was later repeated and amplified on dogs, and finally most 
of the effects have been adequately illustrated by Nature’s own expenments on 
human beings 

The effects of removal of the antenor lobe of the hypophysis m experimental 
animals or of the destruction of the ^and by disease in human beings are as fo! 

I Trophic ejects —The removal of the pituitary is followed by an atrophy and 
decreased function of the thyroid gland (5» 6), of the adrenal cortex (7, 8), and of 
the gonads (9, 10), whether male or female For this reason the pituitary has often 
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been referred to as “the master gland” of the body However, the removal of the 
thyroid or the adrenal cortex or the gonads is followed by histological changes in 
the pituitary (ii) These changes have been variously mterpreted and it is still 
not quite certain what they mean from a functional standpoint But there can be 
no doubt that the removal of these other glands docs affect the structure and func 
tion of the pituitary This is also true of the administration of the hormones or ex- 
tracts of the other glands Thus, it is clear that, while the pituitary may be more 
generally important than some of the other glands, it is not merely because it 
dominates them It appears rather to co ordinate the functions of the other glands, 
so that one might call it “the executive secretaiy ' of the endocrine system rather 
than the master gland 

2 A lowering oj tke blood sugar leiel — The blood sugar of the hypophysecto- 
imzpd animal under conditions of adequate nutrition is about 20-30 mg per cent 
lower than the blood sugar of the normal dog (1-*, 13 14) 

3 Tht hypoglycemic effect of fasting — A normal ammal or human bemg may be 
fasted indefimtely with little or no effect on the blood sugar level As a matter of 
fact, there may be no significant effect until a relatively short tune before death 
from starvation, when the blood sugar may fall precipitously However intheab 
sence of the hypophysis, fasting is accompanied by rapid development of hypo 
glyceftiia so that the animal may die within a relatively short time m hypogly 
ceinic convulsions (13 15 16,17) 

4 A decreased urine nitrogen excretion (18, 19, 20) —This is due m part to a de- 
creased breakdown of body protein resultuig from the secondary thyroid atrophy 
(see chap xviii, p 214) The atrophy of the adrenal cortex may also be partly re- 
sponsible (see chap xvii, p 204) 

5 A decrease tn the total metabolism of the body —This is probably accounted for 
by the depression of thyroid activity, although other factors may be mvolved 
The other factors may be the adrenal cortical atrophy and the loss of weight 
brought about by the marked anorexia, which is a prominent chnical feature of 
pituitary insufficiency (18, 21, 22) 

6 An increased sensitivity to insulin — A small amount of insuhn which would 
produce no noticeable effect on a normal animal will, after the removal of the 
hypophysis cause prolonged and even fatal hypoglycemia (12, 23, 24) 

7 A decrease tn the potassium content of the blood serum (18, 25) 

8 A decrease tn the reduced glutathione content of blood, Iner, and skeletal 
muscle — ^The diminished level of reduced glutathione m the hvet may be related 
to the Msubn sensitivity (iS, s6) 

9 A cessation of maturation and grcneth — ^Whcn the pituitary is removed from 
immature animals, there is a cessation of maturation and growth (27, 28, 29) 

The injection of crude extractsof the antenorhffie of the pituitary mtohypoph 
ytectomized animals has been «hown to prevent or reverse the consequences of 
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the removal of the gland Normal ammab receiving pituitary extracts exhibit a 
hypertrophy and hyperfunction of the other cndocnne glands (8, lo, jo) Depend 
ing upon the conditions, there may be concomitant gain m weight or increased 
rate of growth, or hyperglycemia, glycosuria, and ketosis may de\ elop 
Under circumstances m which there is hyperglycemia and glycosuria, there 35 also 
an increased excretion ol nitrogen (31, 33) VVhere gain in weight or an increased 
rate of growth is a major consequence, there may be a retention of nitrogen 
(Sh 32) 

EXTRACTS OT THE ANTERIOR PITUITARY 

The muUiphcity of effects resulting from the removal of the gland or the ad 
ministration of extracts led to many attempts to refine anterior pituitaiy prepara 
tions m such a way as to obtam products with a single or specific activity Depend 
mg upon the method of extraction or purification and upon the test anwial and 
experimental conditions employed, a large number of different antenoc pituitary 
factors have been claimed Colhp (34) has recently hsted these as follows “growA 
stimulating thyrotropic, gonadotropic, cotticotropic, lactogenic, diabetogenic, 
ketogenic, U\ er fat increasing RQ lowenng, blood hpjd mcreaswig oD'grocon 
^ sumption increasing, anti insohn, anti-epinephnn, glycotropic, glycostatic, and 
chromatophorc expanding actions '* 

There are few who believe that these numerous effects obtained under different 
Conditions of experimentation indicate that there are as many separate hormones 
secreted by the anterior hypophysis CoUip suggests that as few as tvio or three 
separate hormone proteins may account for Ml the functional activity The dosage 
may play a role, since for example the growth hormone m small doses has only 
growth effects, while in larger doses it also exerts some corticotrophic and lacto- 
genic action Species differences m the test animals may also be a factor Antenor 
pituitary extract causes a permanent diabetes m dogs but fails to do so iti rats (SS) 
There is also the probability that a number of functions listed by Colbp are actual 
ly duplications of other effects Thus Jensen and Grattan (33) have reported that 
the anti msulm effect of anterior pituitary extracts is due to the adrenotrcpbic 
fraction They found that the administration of adrenotrophic extract, adrenal 
cortical extract, and corticosterone to once resulted in a significant resistance to 
the action of msulin, while the injection of thyrotrophic extract, prolactin, f olhtlt 
stimulating hormone and thyroxin were without effect Similarly, it has been 
found that the dimmished absorption of glucose by the mtestmal tract after hy 
popbysectomy is probably due to alack of the thyrotropinc'bormone, lot A may 
be corrected by treatment with thyroid hormone (36) 

There are also complications of another sort in judging the demonstration of a 
hormone action when extracts are given or a gland is ^etoo^ ed These compUca 
tions have to do with the mote 01 kasmadentoiieactions of the eulueotganism to 
certain non essential materials contained in the injected gland extracts or to cer 
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tarn secondary reactions of the organism to the condition promoted by the injec 
tion of a hormone or the removal of a gland Thus, Dohan and Lukens (37) have 
reported that the chronic admmiatration of anterior’ pituitary extract to depan 
creatized dogs at first increased and then decreased the seventy of the diabetic 
syndrome The serum of dogs treated for 10 months with antenor pituitary ex 
tract, when injected into depancreatized animals, reduced their glycosuna and 
unnary nitrogen excretion These results may be likened to the "anti hormone" 
efiects previously obtained with the gonadotrophic fractions of anterior pituitary 
extract and, like them, are probably due to non specific antibodies formed in re 
sponse to the proteins contamed in the mjected extract 

The decreased food mtake which leads to marked undemutntion following 
hypophysectomy may also be responable for some of the results usually attributed 
specifically to the lack of the pituitary hormones Muhnos and Pomerantz (38) 
studied the eSects m rats of complete inanition dunng starvation and of chronic 
undemutntion resultmg from an allowance of approximately half the normal food 
intake They found that the loss of weight and the histological changes in the endo 
cnne glands resembled those following hypophysectomy The authors concluded 
that inanition affected the antenor hypophysis m such a manner as to reduce its 
secretion of the trophic hormones It would be mterestmg to know whether all 
their results would or would not have been prevented by the injection of anterior 
pituitary extracts into their chronically undernourished ammals Levin (39) has 
recently shown that the decrease m weight of the viscera, which follows hypophy 
sectomy, can be completely prevented by force feeding the animals to the level of 
normal food intake Since such treatment, however does not restore the weights 
of the endoenne glands their atrophy is linked directly to the loss of the trophic 
hormones 

In view of the attendant difficulties it is not surpnsmg that the results of at 
tempts at the separation and purification of the various fractions of antenor pitui 
tary extracts continue to be difficult to harmonize and contmue to disclose hitherto 
unsuspected effects Bergman et al {40) believe they have separated four entities 
from antenor pituitary extracts — namely, lactogemc, thyrotrophic, gonadotroph- 
ic, and the carbohydrate metabolism factor Meamber tt al (41) have reported 
that preapitation with cysteine enabled them to separate the lactogenic and thy 
rotrophic effects from growth fractions of antenor pituitary extract, this procedure 
resultmg m the preparation of almost pure growth hormone Greaves and his co 
workers (43) have desenbed the prc^rlies of a more purified diabetogenic factor 
extracted at pH 1 1 It was non-dialyzable and was destroyed by a temperature of 
loo C for IS minutes at pH 10 This diabetogenic material was ketogenic and 
lowered the R Q It was rich m the growth factor hut exhibited little prolactm ac 
tion 

Teague (43) has reinvestigated the association of the melanophore hormone 
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with the “specific metabolic pnnaple of the pituitary” previously reported by 
Colbp and his co-workers (34, 44, 45) According to Teague, preparations of the 
^ pituitary gland rich in melanophore hormone, obtained from various sources and 
prepared by different methods, varied considerably m their effect on oi^gen con 
sumption m rats The melanophore activity of extracts could be selectively de 
stroyed without removing the metabohc effects It was concluded that the melano 
phore hormone was not identical with a substance m the pituitary extracts which 
would increase the metabolic rate It was further pointed out that the results did 
not support the existence of a specific metabolic principle of the hypophysis, since 
It was found, m the course of the work, that metabolic stimulation was produced 
by a pituitary extract after treatment with acid and after tryptic digestion, and 
Since buch metabolic responses were occasionally obtained with extracts of muscle, 
hver, and kidney CoUip (34, 45) has also repotted the action of a pituitary ex 
tract which stimulates the “dark” cells of the adrenal medulla without affecting 
the chromaffin tissue The extract is active when admimstered by mouth The sig 
nificance of this action must await enlightenment as to the function of the “dark' 
Cells Fmally, Houchm (46) has been able to decrease the alkali boluble protein 
Components of the liver with anterior pituitary ettract fractions and has suggested 
the existence of a protein metabolism hormone which is distinct from the lacto 
genic, thyrotrophic, carbohydrate metabolism, fat rnetabolism, and gonadotroph 
1C hormones 

Probably the best isolation of purified anterior pituitary hormones from the 
standpoint of methodology and their most accurate characterization from the 
biological standpoint are to be found in the work of Fraenkel Conrat et al (47) 


practically all the known metabohc effects of crude extracts oi anterior piiimaiy 
are accounted for, except the ketogemc There is, at present, no way of rationah^ 
log the distribution of the various effects among the different hormonal entities, 
nor IS it possible to say whether or not some of the effects obtained with the growth 
and lactogenic hormones are mediated by one or more of the endocrine glands 
Furthermore, the separation of practically pure entities still does not preclude the 
possibility that they are fragments of a single complex original hormone It is 06 
vious that much work remains to be done in this field 

THE INTLtTENCE OF THE ANTERIOR PITUnARY AS A WHOtE 
ON VARIOUS ASPECTS OF CARBOHYDRATE METABOUSM 
The well fed hypophysectomized animal maintains a significantly lower bloody 
I Dlood 
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hepatic gluconeogenesis m intact non anesthetized normal and hj-poph/secto- 
nuzed animals by means of the London cannula technic From the blood sugar con 
ee/t£s of the mffowing and outflowing hepatic blood they estimated that the rate 
of sugar output from the livers of their fasting hypophyscctomized dogs was only 
about 50 P^r cent of the output from the hvers of fasting normal dogs The worl 
of Wells and others (60 61) m Lendaff & laboratory confirmed the defect m glu 
coneogenesis m hypophyscctomized ammals and indicated that this itiSveace of 
the hypophysis was exerted partly through the adrenal cortex and partly through 
the thyroid gland These workers studied the unnary sugar and nitrogen excretion 
of normal adrenalectorruzed thyroidectomized and hypophvsectomi^ed rats re 
spectively treated With phlorhum They also included animals from which both 
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the thyroid and the adrenal glands had been removed By administering vanous 
hormones and combinations of hormones to the operated rats they were able to 
judge which hormonal factors restored the hyjwphysectomized ammals to a nor 
mal response so far as sugar and nitrogen excretion were concerned Their results 
are summarized m Table 36 It may be seen that neither thyroid nor adrenal corti 
cal hormone by itself was able to rectify the deficiency m hypophysectoottmd rats 
while the combination of both hormones waa successful It may be concluded that 
the gluconeogenetic influence of the thyroid gland (chap xvm) and of the adrenal 
cortex (chap xvn) are each partly responsible for the total effect of the anterior 
pituitary 

INFI-ttENCE OF tHE ANTERIOR WTUrTARY ON GLXJCoNEOGEKESIS 
FROM WlOXElN AND FAT 

figure s6 compares the effects of eicluave fat or protein feeding and of 
on the blood sugar level of a hypophysectomiaed dog It may be seen that the am 
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sectomized animal is evident from the fact that fasting may induce a fatal hypo- 
glycemia even though ample deposits of adipose tissue are present The influence 
of antenor pituitary extracts on gluconeogenesis from endogenous fat in normal 
animals was shown by the wort of Neufeld, ScoggM, and Stewart (6s) Theyia 
jected various anterior pituitary extracts as prepared in Colhp’s laboratory, into 
female mice and made chemical determinations erf the entire carcasses of their am 
mals They found an increase m the total glycogen content, a decrease m the 
amount of fatty acids present and no change m the nitrogen The inabihty of the 
hypophysectoimzfd animal toiBosatsm its Mood sugar at the expense of ingested 
fat may depend upon the fact that this foodstuff is absorbed into the blood m the 
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THE HVPOPHYSECTOSriZED-DEPANCFEATBED (hOOSSAV) ANIMAL 

In 1930 Houssay and his associates reported their observations on hypophysec 

tomized depancreatizeddogs (13, 15) Theyfound that such anunalsexhihitedfess 

severe diabetes than dogs with only the pancreas removed The blood sugar level 
vaned in different animals from 320 to 113 “g per cent Sometimes spontaneous 
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tion of diabetes m the Houssay animal The extreme variability m the seventy 
of the diabetic syndrome noted by Houssay and other authors undoubtedly re 
stilted from the vanabihty of the food intake of their experimental animals The 
well fed Houssay animal actually exhibits a diabetic syndrome of moderate 
seventy, except for the lack of ketosis Hie undernourished Houssay animal mam 
fests little or no diabetes But even under the most favorable nutritional condi 
tions, the diabetic syndrome is not as intense as in the depancreatized animal with 
the hypophysis intact This is readily understood when one considers the unavail 

TABLE 37 


Hwophysectouized Depancreatized Docs (sosxin al (13I) 
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ability of Its endogenous protein and fat for gluconeogenesis and the fact that, of 
the ingested food materials, only sugar (as such) or protein (amino acids) can con 
tribute to the maintenance of the blood sugar level In other words while the de 
pancreatized ammal wth hypophysis intact can make excessive sugar at the ex 
pense of both protein and fat (endogenous or exogenous), the Houssay animal can 
use only ingested protein for this purpose This accounts for the hypoglycemic 
effects of fasting, m spite of ample fat stores, the low D N ratios the lack of keto 
SIS, and the relatively long survival without insulm 

The amelioration of the diabetic syndrome in the absence of the hypophysis re 
sembles, in many respects, that seen m depancreatized dogs maintained 
msuhn on undemutntion diets composed solely of protein (63 64) It has been 
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It seems hkely that the inactivation of insuhn in the body is accomplished by 
sulphydiyi compounds (67, 68) It has been shovm that muscle cTtracts inactivate 
msuhn tn vitro by virtue of tvo components, one of which is probably reduced 
glutathione (GSH), while the other is the SH groups of proteins (68) The applies 
tion of these facts to the intact hving organism is mdicated by the observation that 
the intravenous administration of cysteine is followed by decreased sensitivity to 
msuhn It has also been shown that the hvers of hypophysectomized rats ha\e a 
significantly lower GSH content than those of normal rats (26) There is, there- 
fore, some basis for supposing that the increased effect of msuhn m the absence of 
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Fic s8 — Lack of influence of thyronine on the bypersensiUvity to Insulin of hypopbysectomiied 
dogs Each set ol curves represents a Aiffmnt bypopbysectomued animal In eaci case tie broken line 
represents the effect of insulin before thyroxine treatment white the continuous ine represents the effect 
of the same dose of insuUa during thyronne adnumstratioa Note the higher imt al blood sugar vslues 
m the thyroxine treated animals (Soskinrlal [sol) 

the hypophysis may be due to a prolonged period of action because of a decreased 
rate of mactivation 

The work of Himsworth (69) ttisy be taken to indicate the presence 0! a periph 
eral anti msuhn factor in the hypqihysis He reported that while the adnunistra 
tion of crude pituitary extracts did not influence the spontaneous fall of the blood 
sugar in hepatectomized rabbits it didmter/«e with the accelerating eBect of in 
suhn upon the rate of fall The results of Russell el al (see p 226) appear to sup 
port Himsworth’s observation But the evidence of both is opposed by the find 
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CHAPTER XX 


PERMANENT EXPERIMENTAL DIABETES PRO 
DUCED WITHOUT SURGERY 

T he diabetic byndrome induced in certain laboratory ammals during the 
injection of anterior pituitary extracts may be termed 'hypophyseal (or 
pituitary) diabetes As first shown by Evans (r) and bj Houssay and 
his CO workers (2) and subsequently confirmed by many others this type of ex 
pcrimental diabetes begins to diminish in intensity after a few days e\ en while the 
injections of extract are continued The syrndrome disappears very rapidly follow 
mg the cessation of treatment (j) 

In X937 Young (4) reported that the injection of increasing massive doses of 
crude antenor pituitary extracts into dogs resulted m some animals in a perrna 
nent diabetes which persisted indefinitely after the injections were stopped He 
also reported experiments in species other than the dog He found that the mouse 
rat and guinea pig showed hardly any effect from the injection of his crude ante 
nor pituitary extract About half of the rabbits and rats showed slight and transi 
tory diabetogenic effects Very young dogs or puppies resembled the rabbit and 
cat rather than the adult dog U ^ 7 Lukens and Dohan (9) were able to dem 
castrate the diabetogenic action of pituitary extracts and the production of perma 
nent diabetes in partially depanercatued cats Richardson (10) made histological 
studies of the pancreatic glands of dogs rendered permanently diabetic with pitui 
tary extracts and reported that the islets exhibit reduction m size, byalinization 
and degranulation of the ff-cells Best et al (11) found that the pancreas of such 
dogs contains from o too 2 umtsof insulin per gram as comparedwith the average 
figure of 3 4 units per gram in the normal animal The fact that dogs can be ren 
dered permanently diabetic with antenor pituitary extract but that this is not 
possible m rats may be explained in part by the observations of Marks and 
\oung (12) They confirmed the decrease in the pancreatic insulm content in the 
dog but found that the administration of antenor pituiliry extract to rats m 
creased the amount of insulin in the pancreas They reported that m this respect 
the rabbit behaved like the dog while the mouse resembled the rat 
It IS important to distmguish between the eipenmcntal diabetes seen during the 
injection of hypophyseal extracts (before the destruction of the islets of Langer 
bans and reversible) and the permanent diabetes which persists after cessation of 
antenor pituitary injections and which is not very different from pancreatic dia 
betes Hence, it seems wise to adopt the nomenclature suggested by Houssay (13) 
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and to reserve the term "hypophyseal (or pituitary) diabetes” for the temporat) 
state during hypophyseal injections, ndule using the term "metahypophyseal dia 
betes” for the permanent syndrome resultmg from the destruction of islet tissue 

METAHYPOPITYSEAl, (yOXTNG's) DIABETES 
Despite their fundamental smulanty, there are certain, as yet unexplained, dif 
ferences between the metabolism of depancreatized dogs and that of dogs mth 
metahypophyseal diabetes We quote Marks and Young's own summary (14) of 
their findings and conclusions regarding the latter type of animal These authors 
used the term "pituitary diabetic” to denote the metahypophyseal syndrome 

I Dogs made pennanently diabetic by treatment with anterior extract differ most obviously 
from depancreatized dogs in the following respects 

a) Some of these dogs require more insulm for the control of glycosuria than do depan 
credtized dogs, 

i) The pituitary diabetic dogs are able to survive for long periods m good health without m 
suliQ therapy, if suSaent utihzable food is given The intensity of the diabetic coDditioR 
may vary from animal to animal 

3 Removal of the pancreas from a pituitary diabetic dog resulted m a sbgbt and possibly not 
significant fall m insulin requirement The pancreas conUmed 3 5 units of insulin, compared 
with an average figure for rune normal dogs, of comparable weight, of 76 units 
3 On a protein diet, the pituitary-diabetic dogs exhibited hyperglycemia, a substantial glyco 
suna and ketonuria, with a D/N quotientof over3 o in most instances, on a high orboby 
drate diet, these dogs retamed about 55 per cent of the total available carbohydrate m the 
food, on a diet of beef suet, the blood sugar level the glycosuria and ketonuria of these dogs 

- — •* 1 


suited m a substantial nsc in ketonuria These results support the conclusions of Petren 
(1934), which were drawn from clmical investigations that protein (meat food), and not fat, 
is particularly concerned in the aetiology of ketonuria 

4 The metabolic rate of the pituitary-diabetic dogs was somewhat above that of control nor 
Trial animal under similar conditions, but the excess above normal was not so great as was 
found with depancreatized dogs 

5 As indicated by the hypoglycemic effectiveness of s units of injected insulm, by the Huns 

worth (ro36) glucose insulin test, and 1^' the de Wesselow Griffiths (1936) serum test, the 
pituitary-diabetic dogs do not possess any abnormal degree of insulin insensitivity ' ^ 

I I ' I ' * 

I, I 11 I ■ • i i ' 

There are two additional items m their p^er, not mentioned m the summary, 
which seem of particular mterest In followmg up their observation of the keto- 
genic effect of raw meat, as compared with casein in their "pituitary-diabetic” am 
Tria ls, they found that the residue of raw meat which had been repeatedly extracte 

• This statement applies only to metabypephyseal diabetes In hypophyseal diabetes there is a 
marked msensitivity to insulm (8) 
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with hot water exerted ont> about onesjuarter of the ketogemc effect exerted by 
the original amount of the raw meat The supplementation of the extracted meat 
mth a concentrate of the hot aqueous extract caused a significant mcrease m keto- 
nuna ilarks and Young also made a number of comparisons betiieen their re 
suits and those obtained by Langfcldt (15) on partially depancreatized animals 
One might speculate as to the extent to which the differences between meta 
hypophyseal diabetes and pancreatic diabetes might be caused by the presence, 
in the former, of portions of the pancreas which are not responsible for insulin se- 
cretion 

The following is a partial reconstruction of the senes of events leading to the 
development of metahypophysea! diabetes m the dog or m animals which react in 
a similar manner It is probable that the injection of anterior pituitary extract 
evokes a secretion of insulin from the pancreas Ham and Haist (16) reported an 
increased mitotic activity m the islet tissue of the pancreas, as well as m the thy- 
roid parathyroid, and adrenal cortical glands following the administration of an 
tenor pituitary extract Weinstein (17) confirmed the earlier report 0! Shpiner and 
Soskm (18) that the injection of anterior pituitary extract may cause an immediate 
temporary fall m the blood sugar The secretion of insulin m response to the ante- 
rior pituitary extract injection probably also accounts for the decreased nitrogen 
excretion (19, 20) However, the continuation of anterior pituitary extract treat- 
ment eventually exhausts the msuhn secretmg cells of the pancreas and appar 
tntly permanently incapacitates them (ro, ir) The unopposed action of the an 
tenor pituitary gland then becomes evident and produces an increase in protein 
and in fat catabolism similar to that occurrmg when anterior pituitary extract is 
injected into depancreatued animals (19) 

Lukens and Dohan (g) used partially depancreatued cats with metahypophys- 
eal diabetes to study the inffuencc of vanous procedures as regards their protec- 
tive action on the islands of Langerhans They found that fasting, a high fat diet, 
and insulin and phlorhuin administration, respectively, led to recovery from mefa 
hypophyseal diabetes, providing the treatment were started before the insulin 
producing cells were completely destroyed They pointed out that the obvious 
common factor mall these treatments was the maintenance of a lower blood sugar 
level over a period of time Best and his co-workers (21, aa, 93) had shown that 
fasting, high fat diets, and the administration of msulm diminished the insulin 
content of the pancreas of rats According to these workers, the histological pic 
ture of the islets of Langerhans after such treatments suggests that these pro 
evdures tend to put the 0 -cells of the iskts “at rest ' Lukens and Dohan (9) adopt- 
rd this suggestion to explain their own results They concluded that b their par 
tially depancreatized cals wnth hrmted functional reserve of the islets the adminis- 
tration of anterior pituitary extract led to overstimulation and exhaustion of the 
remaining islets through sustained hypei^yccmia The vanous procedures which 
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they employed to lower the blood sugar level presumably reduced the degree o! 
overwork of the islets and enabled them to survive and recover 

While It IS difficult to offer a satisfactory alternative explanation to the above 
there are certain obstacles to the acceptance of the postulated mechsujsm Thus 
Haist and Best reported that the insulm content of the pancreas of hypophysec 
tomized rats was similar to that of normal rats when both types of animal were 
equally well fed (23 24) If the insulin content of the pancreas were a reliable index 
of the rate of insulin secretion by that organ, their findmg would indicate that the 
pancreas of the hypophysectomiaed animal secretes as much msulin as that of the 
normal animal This would appear to be ettremely unlikely, m view of the marked 
sensitivity of the hypophysectomized animal to admmistered msuhn It therefore 
seems hazardous to judge the state of work or rest of the pancreas on the basis of 
Its msuhn content 

As regards the influence of msuhn on the histology of the islets this depends— 
m part at least — on the experimental conditions Mirsky (25) has shovm that the 
continued administration of insulin to partially depancreatized dogs may actually 
lead to the degeneration of the pancreatic reronantsl Control animals with stnular 
amounts of pancreas removed and observed for the same length of time showed no 
diabetes and no evidence of any developing pancreatic insufficiency The msuhn 
treated dogs exhibited severe acute diaE>etes once the msuhn administration cessed 
and showed no tendency toward spontaneous recovery At the present time it is 
not possible to reconcile these results with those of Lukens and his co workers 

UETATHYBOm DIABETES 

Houssay (26) has reported that partially depancreatized dogs given large 
amounts of thyroid extract over a prolonged period of tune eventually exhibit a 
permanent diabetes similar to roet^ypopbyseal diabetes This substantiates the 
discussion in chapter xviu concerning thcroleofthe thyroid m carbohydrate metab 
olism and enhances the probability that the antenor pituitary exerts its eSects 
partly through this gland Houssay could not produce metathyroid diabetes in 
dogs with the pancreas mtact 

ADLOXAN DIABETES 

In the course of studies on the toxic effects of alloxan (Fig 59) on the kidney, 
Dunn McLechie and Sheehan (27) noted (among other pathological findings at 
post mortem examination) a necrosis of the ^-cells of the islands of Langerhans 
Many of their rats exhibited convulsions before death Jacobs (28) had previously 
reported that the administration of alloxan caused hypoglycemia m rabbits Duim 
and Co workers (27) confirmed this observation but found that some of their anl 
mals which survived the initial effects of the drug later developed peimaneot 
diabetes 
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By varying the dose of alloxan so as to avoid death from hypoglycemia and 
damage to tissues other than the pancreas, Bailey and Bailey (29) and Goldner 
and Gomon (30) were able to produce diabetes practically at will in rats, guinea 
pigs, rabbits, and dogs In the latter animals, kidney and Uver damage seemed to 
be at a tiunimum, the acinar tissue of the pancreas and the c-cells of the islands 
of Langerhans appeared to be entirety unaffected, but the P-cells of the islets were 
completely destroyed These observations offer a new tool for the investigation 
of the diabetic syndrome, particularly m small ammals where complete pancrea- 
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Fio jg — Stivcture of allono, fhowiaa it» cIom rebtioitsbp to c«rlun denvtiivot of natunlly oc 
runug &uel«oprot«m( Tlio postibiUty hu b««n Mggcstod (jj) tbat sllono, or a uiailw iut«tance tru- 
ing from t duordmdnueleoprctcia mcttboUsm mty htv< t beanng on Oie etiology of ditbetes meUitus 

tectomy has been difficult or impossible (29, 31) It may also facilitate the study 
of the separate functions of the component cells of the islands of Langerhans 

(29 33, 33) 
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sugar This may be accounted for partly by the discovery of insulm and partly by 
the erstwhile predominance of the non utilization theory of diabetes The dis 
covery of insulin led to overemphasis of the possible role of the pancreas m the reg 
ulation of carbohydrate metabolism, the non utilization theory demanded that the 
regulatmg activity of the pancreas be exerted upon sugar utilization 
A striking example of the manner m which these factors have influenced inter 
pretations is contained m a relatively recent review, m which an older paper by 
Poliak (10) is cited The latter author, by fortunate deduction from meager evi 
dence, had arrived at the conception that the blood sugar level was a determining 
factor as regards the activity of the liter in the regulation of carbohydrate metabo 
hsm (10, ii) The quotation from Con (12) is as follows “Poliak, before the insulin 
era, advocated the view that the blood sugar level is of major importance in the 
regulation of carbohydrate metabolism which, translated into out present ter 
imnology, means m the secretion of insulm ” It will be seen, from the evidence to 
be reviewed, that this “translation” is not warranted and that Poliak's version 
happened to be more correct 

THE HOMEOSTATIC UECSUHISM IN THE UVER 
The characteristic rise and fall of the blood sugar following the admmistration 
of dextrose to normal animals represents a rapid and reproducible test of the regu 
latmg mechanisms Wide clinical and experimental use of this test has been made 
In man it has been customary to have the subject drink 30&-500 cc of lemon 
ade Sweetened with 50-100 gm of dextrose The test is usually performed in the 
morning before breakfast, for it has been found that previous food uitake mflu 
ences the outcome of the test A control blood sugar determination » made before 
the test, and further determinations are made at various intervals up to 3 hours 
after the test The average, or “normal,’ blood sugar curve obtained in the 
healthy subject is shmvn in Figure 60 where it is contrasted with the so called 
“diabetic” curve from patients with diabetes melhtus and from individuals suSer 
ing from other conditions which interfere with efficient regulation 

Until a few years ago, it was customary toexplain the normal dextrose tolerance 
curve as resulting from a stimulation of the pancreas by the administered sugar 
The consequent secretion of insulm was supposed to dispose of the incoming sugar 
by increasing the rates of storage and “oxidation” of carbohydrates (12, 13) Th® 
abnormal type of curve characteristic of the depancreatized animal and of the 
diabetic human was attributed to a lack of pancreatic response, with a consequem 
mabihty to dispose of the incoming sugar at the normal rate (12. * 3 ) ^ 

noted that this explanation ignored the important role of the liver in supplying 
sugar and the possibibty that regulation might also be accomplished by controlling 

this supply , . 

More recently, Soskin and his co workers (14) tested the fundamental basis 
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these explanations by substituting a constant mjectton pump for the pancreas as 
the source of insulin in dogs CompIete!> depaocreatized dogs received constant 
intravenous injections of insuhn at rates just sufficient to mamtam a nonnal con 
slant blood sugar level in each particular animat Thej n-cre therefore restored to 
normal in a restricted experimental sense except that they could not mobihxe ad 
ditionalmsulin, they had to get along on theconstant amounts of insulin suppbed 


Blood Sugar 
(\{g ptr Ont) 
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■“jm'rttionofsopn offlacoMbymoulh •nteoTOtianomluiMrty wn l arlenal (rapilhty) blood xugxr 
rijuei ih« brotea Iinrs mnsrnt vrioui blood xgir rahws fFmeo tbt data Cavtit tnd Seljeskoj 
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liy their artificial substitute for a pancreas If the previous concepts had been cor- 
■xet, such animals should hav e yielded 'dabetic” dextrose tolerance cur\ es But, 
^ a matter of fact, the animals exhibited perfectly nonnal tolerance curves It was 
^ ‘'lent that, prcnidtd su^itnl insulin were preseni to maintain a constant blood 
txgiirlntl no additional secretion was newssary for adequate regulation 
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These results naturally directed attention toward the hver as possibly the factor 
that varied m regulation Normal dogs were hepatectomized, and a constant injec 
tion of dextrose just sufficient to maintain a normal, constant blood sugar level 
was substituted for the hver Since the pancreas was intact, this type of apinml 
preparation was able to mobiliae insulin as required but could not alter the rate at 
which sugar was being delivered to the blood from the artificial hver Such animals 
invariably yielded markedly “diabetic" tolerance curves It v, as apparent that the 
pancreas was not essential to the regulating mechanisms responsible for the nor 
mal dextrose tolerance curve, while the presence of the normal hver was essential 

This led to observations on the simultaneous blood sugar values of the blood 
flowing into and out of the hver, m normal and depancreatued dogs, during the 
course of dextrose tolerance tests From these and the previous results it T^as 
postulated that (in the presence of a sufficiency of insulin, but not necessanly an 
extra secretion from the pancreas) the normal hver, as one of its responses to ad 
mmistered dextrose, decreases the output of blood sugar which it has previously 
been supplying from its own resources 

The homeostatic regulating mechanism for the control of the blood sugar level 
was later subjected to direct proof (15) By correlating the rate of blood flow 
through the hver of experimental animals with the difference in the sugar coatenl 
between the blood flowing mto and out of this organ, it was possible to calculate 
the absolute amounts of sugar entering and leaving the hver per unit of time Fig 
ure 61 illustrates such an experiment and shows what happens when a dextrose 
tolerance test is made It may be seen that the liver, which was pouring sugar into 
the blood prior to the administration 0/ the dextrose, ceased to do so almost un 
mediately upon the administration of dextrose and started to take m large quan 
titles of sugar (The period following this retention of sugar is particularly worthy 
of note At this time the hver neither took in nor put out sugar for a period of 
about an hour, showing that the inhibition of the output of sugar is a phenomenon 
separate from the storage of sugar ) When the period of inhibition was over, the 
hver again began its usual supply of sugar to the blood, and the blood sugar level 
which had fallen somewhat below the pre test level dunng the inhibition rose up to 
and slightly above its pre-test level 

In further experiments (16) it was also shown that completely depancreatized 
dogs which were receiving the appropriate constant injections of insulin eahibite 
at least as great a hypoglycemic reaction following the cessation of prolonged sugar 
administration as ffid normal dogs (see Fig 62) Like the normal dextrose toler 
ance curve, this phenomenon cannot be ascribed to msuhn mobilization but must 
be accounted for by the decrease in the output of sugar by the hver in lespo^ 
to the influx of exogenous sugar In other words, this period of hypoglycenua fo 
lowing the dextrose tolerance curve or following the cessation of more piolonge 
dextrose injections corresponds to the time which elapses before the liver is able 
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Accordingly, the dextrose tolerance curve and the hypoglycemic phase which 
often follows it resemble the fluctuations in temperature above and below the 
threshold of regulation when an extra quantity of heal is introduced into the tem 
perature regulated house The characteristics of the curve depend upon the mag 
nitude of the disturbing factor (the amount of sugar administered), the setting aad 
sensitivity of the thermostat (the endocnne balance), and the capacity of the fur 
nace (the abihty of the hver to produce sugar) 

The fact that the hepatectomiaed animal with an artificially maintained normal 
constant blood sugar level (and with the pancreas and extrahepatic tissues free to 



DEPiWiCREATiZED 



Fig 6j— H ypoglywmic reaction wiUiouttTtraiDSuUn Tlie •solid bUdt lice labeled GlutoseSn^e 

tion refer?tothejnjecuonofthetestsug»r Theciosshatchedline labeled ConsUnt injection fef'« 

to the constant injections oJ insuUn plusde*trose thatare requ red to maiaUm a nocnulblood sugar level 


exert whatever regulatmg powers they possess) yields 'diabetic dextrose toler 
ance curves (14)' indicates the essential role of the liver in blood sugar regulation 
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It IS not to be supposed, however, that the hepatic mechanism is the only one in- 
\oIved Glycogen deposition m both the liver and muscle and an increased utiliza- 
tion ol sugar by the extrahepatic tissues undoubtedly play their parts. These proc- 
esses, like hepatic homeostasis, are under the influence of the blood sugar level 
Con and Con (17) have pointed out that the rate of glycogen deposition depends 
upon the concentration of sugar in the blood SosLin and Levine (i8) ha\ e shown 
that the rate of sugar utilization by the eilrahepatic tissues vanes directly with 
the height of the blood sugar level It seems logical to assume that smaller amounts 
of sugar, especially if they enter the circulation via the portal \ein, may be fully 
compensated for by hepatic inhibition alone Larger amounts of sugar wjll invoke 
hepatic storage as well Still larger amounts, which, in spite of the foregoing, raise 



Minutes Minute* 

Fio — Inhibition of Jiver glyicogenol)r*i* by (dUed glucoie 
f The inSuence ol diSerent *0101101* cl glucose added to ead> vessel c^n the appearance ol free 


Ihe blocks representing total carbohydnle drirrmiRationsat the begiBnuig and end 0/ each eiperi 
ment ind caie that there was no sigiuficaot fossofearbohydfaiefioni tie sj-strm (Soskin fie/ fipf ) 

the systemic blood sugar lc\el, wiU bring mlo play the additional factors of 
extrahepatic storage and increased utilization 
ft IS clear that the fundamental regulation of the blood sugar is an autorcgula 
tion, in which the pnme mo\cr is the blood sugar lc% el itself This is further sup- 
ported by the work of Soskin, Levine, and Taubenhaus (i^'l on the rate of appear- 
of free sugar in glycogeuolyziag Ii>er brci with and Without the presence of 
added dertrose The results are illustrated b) Figure 6j It may be seen that the 
sugar ietcl influences the enzyme ^•stem concerned mth the Glycogen^Glucosc 
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(25) rather than an index of the ability to handle s>ugar, once it has entered the 
blood stream 

However, even when the sugar is administered intravenously, the apparent tol 
erance depends upon how the data are eicprcssed Figure 65 shows a typical jntra 
venous dextrose tolerance curve m a hypophysectornized dog (broken line) as 
compared to a similar test m a normal dog (continuous line) * If the lower initwl 
and final levels m the hypophysectornized animal are ignored, its curve appears to 
be low or better than ziorraaJ If, on the other hand, the results 0/ both curves are 
expressed as percentage rise above the initial level, the hypophysectonuzed curve 



REGULATION OF CARBOHYDRATE METABOLISM 257 

The “triple tolerance test ” — Although the principal regulating action of the h% er 
s normal in the hypophysectomized animal there is a subsidiary regulating mech 
inism -which is not normal, namely, that mechanism Tshich is due to the presence 
jf the pituitary itself When dextrose tolerance tests are repeated m a normal am 
aial, each test starting as soon as the previous one is over, it will be found that the 
>econd curve is lower or better than the first, while the third is usually better than 
the second The fourth curve may ^ow some further improvement, but subse 
quent curves do not This phenomenon is commonly called the “Staub Traugott 
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effect,"* after the investigators who first described it (24) It has been shown that 
thispbenomeBaa does not occur in thehypophy-sectemaed (ay) 

In the absence of the hypophysis the first curve is the lowest or best one ob 
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tained (Fig 66) It might be supposed that this abnormality is due to some second 
ary effect of the absence of anterior pitmtaiy secretion upon the function of the 
liver But this is not the case, for the administration of anterior pituitary extract 
to the hypophysectomized animal raises the level of all the tests without restonng 
the Staub Traugott phenomenon The lowering of the second and third curves 
(and sometimes the fourth) m the normal animal can therefore best be explained 
as a progressive depression tn the actmty of the pituitary gland, as a result of repeated 
or prolonged exposure to hyperglycemic levels In other words, after several sue 


Blood Sugar 
(Mg p«r Cent) 



cessive doses of sugar the normal animal reaches that stage at which the hypoph 
ysectomized animal starts out This mechanism is very acceptable from the teleo 
logic standpoint for it is obvious that, dunng continued high sugar intake, regula 
tion will be more efficient as the threshold of the mechanism js lowered It is equiv 
alent to the common practice of settmg down the thermostat of the house to say 
so” F during the spring or faU months, when only an occasional, brief cold snap 
may be expected 
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tamed (Fjg 66) It might be supposed that this abnormality is due to some second 

ary effect of the absence of anterior pituitary secretion upon the function of the 
liver But this is not the case, for the administration of anterior pituitary extract 
to the hypophysectomized animal raises the level of all the tests without restonng 
the Staub Traugott phenomenon The lowering of the second and third curves 
(and sometimes the fourth) in the nonrial ammal can therefore best be ei^ilamed 
as a pTogresstxe depression in the activity of the pituitary gland, as a result of repeated 
or prolonged exposure to hyperglycemic levels In other words, after several sue 

Blood Sugar 
(Mg percent) 



0 2 4 60 246 

Hours Hours 


Flo 66 — ConsecuUve dextrose tolerance curves at a hour mtenals ( Triple Tolerance Test ) m a 
normal human and m a proved case of bypopituitansm Tneaty five grama of dextrose m jo per cent 

aqueous solution was injected Intravenouslyin every instance Note the sharp contrast between thestopes 

of the lowest points in each senes as indicated by the bioten lines This teat haa been found to be a use 

ful objective entenon latbe study of proved and suspectedcases of hypopituitarism in humans when used 

in conjunction with ebn cal data {Soskm I38I ) 

cessive doses of sugar the normal animal reaches that stage at which the hypoph 
ysectomized ammal starts out This mechanism is veiy acceptable from the teleo 
logic standpoint, for it is obvious that, dunng continued high sugar intake, regula 
tion will be more efficient as the threshold of the mechanism is lowered It is equiv 
alent to the common practice of setting down the thermostat of the house to, say, 
50° F during the spring or fall months when only an occasional, brief cold snap 
may be expected 
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Infiutnce of Ihe adrenal corkx and the thyroid gland — At the present time it is 
difficult to separate the influences of the adrenal cortex and the thyroid gland from 
that of the antenor pituitarj Indeed, some of the mfluence of the anterior pitui 
tary gland de’«:nbed above may be exerted through these other glands (36, 27) 
At any rate, deficiency or removal of the adrenal cortex, on the one hand, or the 
adnumstration of potent extracts of this gland, on the other hand, -will lower or 
raise the blood sugar level in a manner resembling that which occurs when the 
pituitary hormone is varied To a lesser extent, this is also true of the thy roid (28) 
Presumably, then, the adrenal cortex and the thyroid mfluence the threshold of 
regulation of the sugar level m the same manner as does the antenor pituitary 

INFLUENCE OF THE STATE OF THE UVER ON THE SECUMTION OF 
TRE BLOOD SDCAE 

Although we have compared the hver to a thermostat furnace arrangement, we 
have thus far considered only those factors which operate by afiecting the thermo- 
stat part of the mechanism However, it is obvious that, regardless of where the 
thermostat is set, the state of repair and the capabibties of the furnace will have 
an important beanng on the degree of regulation which is achieved For example, 
8 thermostat setting of 80* F would have no meaning if the furnace were incapable 
of producing enough heat to raise the temperature of the house to that level An- 
other consideration is the speed with which the rate of heat production by the fur- 
nace can be increased or dimmished Unless sucb adjustments are rapid, there will 
be a considerable overswing before the correct temperature is reached If the ther- 
mostat on a sluggish furnace ebeks over at, let us say, 80* F , the temperature may 
RSc to 90® or 100® r before the c0ect of shutting ofl the furnace becomes cs ident 
Finally, even with a furnace of great capacity and high efficiency, the degree of 
regulation will depend upon the magmtude of the environmental temperature 
change for which the furnace has to compensate In other words, the usual nightly 
drop of io®-ao® F in the outside temperature might produce practically no per 
ceptible disturbance in the temperature of the house, while a sudden frost, drop- 
ping the outside temperature 40^-50® F , might result in a downward dip in the 
house temperature before the furnace could cope with it The analogous considera 
tions apply to the hver as the organ which makes the blood sugar 

An example of a disturbance in sugar regulation analogous to the situation m 
'^hich the furnace is incapable of raismg the temperature up to the level at which 
the thermostat is set is the effect of fastmg on the hypophysectomued animal and 
on the hypopitmtary human (29) The withholding of food in the latter orgamsms 
results in a progressive hypoglj cemia This docs not depend upon any change in 
regulation, ^cause the resumption of food intake immeiately restores the previ- 
ous blood sugar level It does depend upon a marked reduction m the abihty of the 
hver to make blood sugar from body stores, so that it cannot supply suffiaent 
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sugar to mamtam the blood sugar level unless additional preformed sugar or 
ammo acids regularly enter from the gastro intestinal tract (27) 

The situation in the liver which is analogous to the sluggish lurnacc, unable to 
Increase or decrease us rates ol heat production very readily, is that iihere the 
liver IS damaged by toxic agents It is well known that the “diabetic’ type of dex 
trose tolerance curve is obtained m this condition (30 31) 

The “diabetic ’ type of tolerance curve obtained in starvation or on a high fat 
diet IS analogous to the temporaiy breakdown in the temperature regulation of the 
house when a sudden great demand is made upon even a very efficient furnace 
Both starvation and fat feeding are alike in that no preformed carbohydrate is 
being received by the body, so that the liver must make all the neccssaty carbo- 
hydrate from Its own resources This represents a high degree of activity on the 
part of the liver, as compared to the normal conditions, under which it need manu 
facture only a small proportion of the body's requirements The deceleration of 
Sugar output by the liver when sugar is administered requires a longer time when 
the liver is working at top speed than when it is working at half or quarter speed 
The essential correctness of this interpretation is supported by the fact that it is 
only the first dose of sugar given to a starved or fat fed animal that results in the 
“diabetic type of curve The second dose (by which time the liver has been able 
to slow up Its production) usually shows a return of the dextrose tolerance curve 
toward the normal (33) 

ACTUAL COMPIilXITY OF REGULATION IN 
THE UVIKC ORGANISM 

Thus far, the analogy of the thermostat furnace arrangement has served us well 
m helping to simplify the relationship between the endocrine glands and (he fiver 
in the regulation of the blood sugar But it is necessary to realize that the mecha 
nism which has been described is integrated with a senes of other regulatory proc- 
esses in the body We have said, for example, that the threshold of regulation of the 
liver is detenmned by the endocrine bailee But what determines the character 
istic rates of activity of the endocrine glands which maintain this balance? This 


that the blood sugar level affects not only the liver but also the aciiviiy 01 u l. u 
tenor pituitary gland which in turn influences the reaction of theliver to the blood 
sugar level (22) There is also evidence that the concentration of sugar m the blood 
passing through the pancreas influences the rate of secretion of msubn (33) Fur 
thermore, the concentration of a given bonnone in the blood may have a control 
ling action upon the activity of the gland which secretes that hormone (34) An 
other mode of regulation may occur ly the controlling effect of the hormone of one 
gland upon the rate of activity of another ^nd An example of the latter type ol 
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tffcd iS the eicessjve stjraiJation of the sfcretjon of insulin by the repealed injec 
lionofroassivedosesofextractsoftbcftntenorpitmw/ygland eventual ^ » 

to islet exhaustion and pancreatic diabetes as •’ 

It IS not unusual m *• 

ping mechanisms all dir v-pauie of serving the 

function to a considerab hi. ui c other mecftanisnxs are impaired by dis 

ease or by an expcnmental procedure This situation exists m regard to the regula 
tioQ of the blood sugar It has been possible to demonstrate a prmiitire tj^pe of 
regulation of sugar output by the liver which can occur in isolated hqiatic tissue 
inlhetestlubcfip) (seep 253) Jnotherwords theoutputofsugaris foacertam 
extent controlled by the concentration of sugar present even in the absence of 
any possible endocrine adjustment In addition to this intrinsic hepatic mechan 
ism and Its endocrine regulators which have already been discussed there are also 
certain emergemy mechanisms mediated by the centra! nervous s>'Sfem and the 
adrenal medulla (see chap xv p 168) The latter mechanisms are not evident 
tinder normal conditions and they can be entirely ehminated cxperimentalfy 
wilhout appreaably affecting the sensitivity of regulation But when under ah 
norma! conditions of stress and strain the organism is threatened by an unduly 
ftp d or profound hypoglycemia the eme/gency mechanisms rapidly come into 
play hy breaking down hver glycogen and providing the needed blood sugar 
It may be helpful to think of the relationrfiips between the emergency mecha 
nsms the endocrine glands andthtmtnnsichepatichomcostassfromthephyfo 
genetic viewpoint The fundamental or pnmitive regulation may be supposed to 
leside m the biochemical processes of the tissue cells The endocrine glands may 
represent 3 step up the evolutionary scale by providing a more sensitive and finely 
adjusted regulating mechanism which renders the mure highly developed organ 
ism less dependent upon its external environment The emergency mechanisms 
May be an add liona! protection gainst hypoglycemia for the highly specialized 
tissues (e g central nervous system) of the most highly dev eloped organisms 


BiPLJOCRAPIiy 

I hcxsvw) C bcnivellc fonct oi» do ive Pan* Ball ere iSjj 

* Caritiy I S andCWTOAU L A n>*-« 3 pwwcof the J ver to theeratadminislratwn 0/ 
glucose Am J physol cse s* 1937 

3 T/ODotore N A wskJ NAujATTsaitwa A tf Z«r Fngc der Rolle d« Damtev m d«r 

ReyiileninadesKohJch>dratsto 8 iveU»el»dcr Leber fBcfunde an ansioslmn'erienHunden) 

ZUehr f cl gM etper Jicd 99 66 1936 

* CiiAcwssivrrr C and Quisreo /MO Purtal an! hepanc bluod suear 
*dm msintwci Pnx S(K Espei B»sl A Med v* 

i RoTsciiYEir N Zuckerh 

ZasUnde cJrtT, eresundv * * 

den PflOjers Arch f d e • ' 



carbohydrate metabolism 

6 Kotschneft, N P Lie Dynamit desGlykogenstoffttechsels nach Angwstomie Versuchtn 

Ztschr f d ges exper Med , 94 417, 1934 

7 Lovdon, E S Angiostomie und Organstoffttechsel, pp 48 ff Moscow All Union Institut 
fdr ftxpenmentelle Medizm, 1935 

8 TsAtj C , and Yi, C L Caibobydnte metabolism of liver sugar intake during glucose ab- 
sorption, Chinese J Physiol , 8 *73, 1934, 10 87, 105, 1936 

9 WlERZUCHOWSKl, M , and Fiszii, H L’afasoiption par quelques organes intacts, du glucose 


derh, 3* ut. X937 

X4 SosKiN, S , Allweiss, M D , and Coitu, D J Influence of pancreas and liver upon dex 


Physiol , cto 4, 1934 

- n P -J r T Tk. 

iS 


BMit n flnd »r.inenhrme on clvcoiren foma 


t9 


90 Houssay, B A Carbohydrate metabolism. New England J Med , as4 97t) 

91 Russell, J A The relation of the antenor pituitary to carbohydrate metabolism, Physiol 

Rev , 18 i, 1938 

39 SosKiir, S , IrliRSKY, 1 A , Zdiueruan, L M , and Hellee, R C Normal dextrose toler 
ance curves in hypophysectomiaed-depancreatBed dogs, Ara J Physio] , xr4 6+8, 193® 

33 Althausen, T L The influence of the endocrine glands on intestinal absorption In Essays 

in biology, p n Berkeley Uruversity of California Press, 1943 

34 Staot, H Unteisuchungiiber den Zuckerstoffwcchsel des Menschea, Ztschr f klii Med, 


Q3 8q 1933 


k 1 of ihe 


leUbo- 


e of the thyroid m the carbohydrate dis 
Physiol, 195 330, 1939 
d sugar of normal and thyroidectornieed 


^r-l-vsectomy 

,193s 

. the det 


)se toler 
37.1935 
subjects 



REGULATION OF CARBOHYDRATE METABOLISM 263 

33 HoiresAY, B A Diabetes as disturbance of endocnne regulation, Am J M Sc, 193 s8j, 
i«7 

34 Gesabd, R \V , and McI*rtVEB, M The effect of thyroid feeding on tissue respiration. 
Am J Physiol , 103 aaj, 1933 

35 Yodsc, P G The pituitary gland and carbohydrate metabolism, Endocrinology, a6 345 

1040 


4 75. <944 



CHAPTER XXn 


PATHOLOGICAL PHYSlOLOGy AND 
CUNICAL APPLICATIONS 

LR liav jng outJined the in/Iuen^s of the various endocrine glands up 
the process of blood sugar regulation which occurs primarily In the hv 
•L A it becomes a relatively simple matter to account for the charactens 
chtucal disturbances which accompany disease or disfunction of the glands or 
the liver 

CUNICAL DISTCRBANCES IN TlIE ENT>OCMNE REGULATION 
OF TWE BLOOD SUGAR 

We have seen that the erpenmental diabetic syndrome w primarily a d 
turbance in the regulation of carbohydrate metabolism (rather than of utilizatwa 
brought about by various manipulations of the endocrine glands or tbetr hormone 
But in order to avoid confusion m terminology, it is necessary to remember at tl 
outset that diabetes melhtus, as it occurs in man, is still a clinical syndrome of ui 
known etiology The essenti^ and minimal characteristics of this syndrome are 
persistent hypergl; cemia with glicosum— all other effects, such as polyuna, di 
hydration, demineralisation, loss of weight, ketosis, and coma being secondary (i 
In the mildest disturbances the diagnosis of diabetes melhtus often cannot b 
finally established until the condition has progressed in sevent> to the point tha 
stable persistent criteria develop It often happens, also, that a mild d^turbanc 
in carbohydrate regulation is found to be accompanied by hepatic damage, hyper 
th>rotd«m, adrenal cortical tumor etc If the liver disease or the glandular dis 
turbance is adequately treated by medical or surgical means and the carbohj’drati 
disturbance is thereby elmunated, it is not customary to label the transitorj hy 
pcrglycemia and glycosuria as diabetes nwllitus 
Jt IS readily understood that the ioregoing terrransios)' rserely a cJwucal con 
vention From the physiologic standpoint it is difficult to conceive of a disturbance 
like diabetes melhtus, which, m some individuals, would not be found m minimal 
and transitory form Nor does the presence of frank and remediable liver disease 
or glandular disturbance nccwsanly make the resulting diabetes any different 
from that which occurs when the etiologic disturbance cminot be detected fay 
present clinical methods It is thisphysiolt^ic point of view which must be kept in 
mind m considering the possible etiologic factors involved m the rccogmced clin- 
ical disturbance 
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Since the condition, which by clinical convention is called “diabetes mellitus,” 
13 characterized, at the present time, by the very lack of any consistent demonstra 
ble abnormahty in the endocrine glands,* we must perforce base our notions as to 
possible etiology upon the various cxperunental procedures by which a simdar 
syndrome can be produced These possibihtics have already been indicated m the 
sections devoted to the various endocrine glands and the hver Their relationships 
to each other are graphically illustrated in Figure 67 In the balance of forces rep- 
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Fig 67— MKhanic*t«naIosy lotbecadocnaebaUDce 

there, \t waAiiy be seen that the vuae end result might be obtained 

a vancty of ways A shift of regulation toward hyperglycemia might be due to 
a diminution in the msulm factor (an absolute lack of insulin) or to an mtensifica 

' Two recent publicnUoni require tome comment 

I SussrQui(ieS)basreportedc«mer«lucwbtrmsiiKmenUo{UiereUtiveuei>oUbti>let>otLuittr 

wibhistolcsicwcuonsotpaocreitjc (Undaliom bamas bdneswiih knd wiibout indbtu*. 

*“wdin* to him the islets of the dabeuc lo^eidimb oreufued o 17-4 6 per cent of the touJ »te», u 
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tion of the opposing factors (a relatuelacLof insuhn) If the latter type of dts 
turbance is, indeed, responsible for some cases of diabetes melhtus, it is possrbfe 
that we may eventually learn to distingmsh a pituitary diabetes, an adrenal corti 
cal diabetes and a thyroid diabetes, as well as a pancreatic diabetes To this list 
must be added a possible hepatic diabetes which nught occur m the absence of 
endocrine disturbance when the liver is no longer responding normally to its endo- 
cnne regulation It must be emphastzed that none of these considerations mnmttes 
ike mporlance of tnsuhn in therapy or suzgests that any other efficacious agent u 
known a( (he present time The diagram clearly indicates that the important thing 
from the therapeutic standpoint, is the mamtenance of the normal balance The 
adrmnistration of msuhn will correct the imbalance whether it is due to an absolute 
or to a relative lack of this hormone 

The differentiation of the various possible types of diabetes meUitus must await 
the development of adequate methods for the quantitative estunation of glandular 
function or of the titer of the various hormones in the blood For the present all 
diabetic mamfestations which are accompanied by a clinically recognizable dys 
function of some gland or of the hver are considered to be part of the syndrome as 
souated with that clinical state A similar situation exists as regards carbohydrate 
disturbances in the direction ol hypoglycemia and the differentiation between 
hypennsuhmsm and other conditions which may lead to hypoglycemia An mspec 
tion of the following list, m conjunction with an examination of Figure 67 will te 
late the characteristic blood sugar disturbances accompanying the various known 
eudoctme syndromes wth the physiologic considerations which have been out 
lined We have included key references to articles dealing with the carbohydrate 
disturbance m the clmical syndrome 
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Antenof pituitary 

Thyroid 
Adrenal cortex 
Adrenal medulla 
yaucteas 


Acmaegaly (a) 

Pituitary basophiliam (3 4) 

Hyperthyroidism (5) 

HyperadrenoCortKalism (6 7) 

PheocbroiDocytoina (8) 

Diabetes melbtus ut those eases where there is evi 
dence of destnictwn of the islets of Langethans (g) 


cofflcared to 0 7 s 5 per cent in the pancreas of normal individuals Aside from the cons derable ov^p 
m these fieuies nsh^d be pointed out that there w* difference of only 56 per cent in the mean rahw 
j I t f i ihfli t fvo net cent of the pancreas 



Antenor pituitary 

Thyroid 
Adrenal cortea 

I^ncreas 


Esi>ocsin£ HnocLtcEiats 
^immonds' disease (i<») 
Anorem nervosa (ti) 
Kypothytoidism (ta) 

Addisoa a disease (jj) 

Adrenal apopleiy (14) 
Hypennsulinism (tj) 


DTFLtlENCI: OP MVER DYSPUNCMON OS BtOOD SUGAR REGULATION 
la chapter xa (p 359) we desenbed the vanous ways tn which the state of the 
liver might affect the regulation of the blood sugar level This may not be of great 



practical importance when one is dcahng clmically with a case of frank liver dis 
where the danger tohfc from other conswiuentesof hvet failure ovetshsdows 
the carbohydrate disturbance But it may be of considerable value in diagnosis 
wd pro^osis when an endocrine disturbance m blood sugar regulation is comph 
cated by the presence of Uv er dysfunction Figure 68 illustrates a sinking example 
this situation Here we have a pure endocrine disorder, namely, diabetes re 
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suiting from the removal of the pancreas in the dog, exjjenmenlallj- complicated 
by a reversible type of liver damage (i6) It vnU be seen that the charactetislirs el 
tie liabetes m tins rfog were markedly changed during the time that the liver aas 
(Apnf, 1937J 

Interest m these results is enhanced by the fact that m clinical diabetes mel 
/itus we find two sundar types of the dise^e — namely, the yisuhn sensitive 
("juvenile" or unstable) and the insubn insensitive (“adult” or stable} The de~ 
paucreatized dog with an unimpaited livct (December, ipj6) resembles the indi 
vidual mtb msuhn sensitive, juvenile, or unstable diabetes melhtus The inoming 
fasting blood sugar is the highest m the 24 hours, the blood sugar falls sharply 3 ur 
in^ the day under the influence of a dose o{ insulin with each meal and then rises 
throughout the night hours In this state the administration of o 3 Units of m 
suhn pcthlogmttt 0/ body weight causes k smart fall in the blood sugar level of 
about 200 mg per cent 

The same animal, which had been on a diet of lean meat, sugar, and raw pan 
creas, was then placed on an equicalonc diet from which the pancreas was omitted 
This is known to result m a severe fatty mftllralion ol the liver (17, 18) (see ebap 
viu, p 91) The impairment of liver /unctwo consequent to the fatty infiltrapwi 
18 reflected in three ways which are characteristic of the insuhn insensitive adult 

»i * fji.4. ~aU» 4 * «t >0^ the diabetes IS nulder 


of the food intake, despite the insuho administered with the meals ine wouu 
su^c then falls duiuig the night hours The administration of the same amount of 
ingiihn as in the previous sensitivity test now results m a much smaller drop in the 
bfood si^ar fevef The restoration of raw pancreas to the diet of this animal, with 
a return of the hvec function almost to normal {May, 1937), completely reverses 
the nature of the diabetes to its ongmal condition 
This demonstration of the influence of fatty infiltration of the liver cm the nature 
and severity of diabetic manifestations suggests an explanation for the partial sue 
cess of the extreme high fat diets and starvation regimens fonnetly used in the 
treatment of diabetes melhtus Both these procedures will lead to a Jatly mhUta 
tion of the liver It should be noted, however, that the diabetes is controlled only 
at the expense of Uver function Hence it rnay be said that^* the diabetes is better 
but the patient ^ worse The lack of general well being of patients under those 
treatments, as compared to patients under modern treatment, may well be ascribed 
to the difference m the functional state of the liver {19) 

Toxmtc Itier damge —Abnormal dertrow: tolerance curves have been de 
senbed as occurring m patients suffermg from acute infectious diseases (so) Siwi 
liar disturbances m carbohydrate metabdhim'havebeen aemonstmtdwvwpati 
mentally induced toxemias in animals {ax, a*) The “diabetic” type of dextrose 



pathological physiology 


269 


tolerance curve obtained under these arcumstances has been interpreted by some 
as being due to a lack of endogenous insulin, consequent to the functional impair- 
ment of the islands of I^ngerhans (20) Others have ascribed the phenomenon to 
an interference mth the action of the available insubn, whether of endogenous or 
of exogenous origin (93) 

Using methods airmlar to those which they employed m demonstratmg the 
homeostatic mechanism for blood sugar regulation (chap xxi.p a48),Soskin and 
his co-workers (94) showed that toxemia affects carbohydrate metabolism by dam 
aging the liver and interfering with its regulating mechanism Completely depan- 
aeatired do^ receiving a constant injection of insuhn suffiaent to mainlam a cor- 


Blood Sugar 



Slant normal blood sugar level were rendered toxemic by the mlrav enous adminiv 
tration of diphtheria toxin Figure 69 shows that such animals exhibit normal dex- 
trose-tolerance curves before, and “diabetic” curves after, toxin admmistralion 
Hence the abnormal tolerance curves cannot be ascribed to an effect of the toxin 
on the pancreas There is also direct w vitro evidence of the influence of toxins on 
wrbohydrate metabolism in the bver (95) 

Although the “diabetic” type of dextrose tolerance curv c is usually obtained m 
toxemic slates, Althausen and others (a6) have shown that m less acute toxemias, 
*here there was a longer surv ival period, the "diabetic ’ tyiic of curve may give 
**> tothc“supcmormal”beforcdcathuilcrvenes Clinically this v anation m the 
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abnormal curve caused by liver damage has been descnbed by Judd ct al {37), and 
it IS well known that diabetic,” ** supernormal,” and even‘*nonnal deixtrosc to) 
erance curves may be obtained m cases of Uver injujy wthout apparent relation 
to the degree of hver damage as judged by cUnical or pathologic criteria Indeed 
this lack of correlation has been reported by Mann (28) as also applying to other 
tests of liver function However the foregone vanations m response are not as 
haphazard as they appear but depend upon the stage or degree of liver damage 
which exists at the tune the test is performed 

When a slowly progressive toxemia is induced m CTpenmental animals and tol 
erance curves ace repeated consecutively to the point o{ death (39), a de&nite and 
predictable sequence of tests is obtamed, as shown m Figure 70 The first effect of 
the toxm is to cause a “diabetic” type of curve As the toxemia progresses there is 
a reversal of effect, so that the curves appear to be more and more “normal " As 
death approaches, there is a sudden change back to the “diabetic ' type of re 
sponse The sequence of events portrayed in Figure 70 was obtained when 0 p gm 
of dextrose per kilogram of body weight, administered intra\ enously, was used as 
the test dose of sugar The significance of the responses becomes apparent only 
when they are compared with those obtamed using smaller and larger test doses 
When this is done, it becomes evident that the"diabetic’' curves obtained m early 
toxemia are due to an impairment of the responsiveness of the hepatic homeostatic 
mechanism, for at this stage a small test dose of sugar (0 25 gmAg) yields an earb 
etandmore“diabetic"responsethanalargetestdose(i 75gJn/kg) Ontheother 
hand, the “ diabetic’ type of curve obtamed m late toxemia has little relationship 
to the homeostatic mechamsm but may rather be ascribed to advanced liver fafl 
ure At this stage the animal responds to the dextrose tolerance test m a manner 
similar to that of the hepatectomized ammaJ (chap xxi, p 252) The small test 
dose of sugar yields normal appearing curves, while the larger test doses give pro 
gresswely more “diabetic” curves 

Figure 71 diagrammatically summarizes the progressive change m liver re 
sponse to admimsfered sugar This may be explained on the basis that the first 
effect of a poison on the livens to act as an imtant to the glycogenolytic mecha 

' ’ -'■'sup 

ards 

iven 

rise m blood sugar would inhibit this procea As the effects ol the loxm ou the 
liver progress to the pomt of mortal damage to the hepatic cells, the Utter must 
pass from the stage of glycogenolylic hypenmtability, through normal imtabJ 
ity, to hypo-irntability and death Translated mto terms of the inhibitory rcac 
tion which detennmes the character of the dextrose tolerance curve, this cycle of 
events would be (i) a decreased mbibiUon of glycogenolysis yielding “diabetic 
tolerance curves, unless the strength of the stimulus, as represented by the adnun 
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istfred sugar, be great enough to o\ercotaf the refractory state of the organ, 'Rhen 
a normal inhibitory response and therrfwe a normal tolerance curve Jna> be ob- 
laincd, (2) a return to the normal inhibitory reaction >ie!ding apparentl> nomial 
curves, and (3) a transitory phase of increased inhibition of gbcogenol^-sis jneld 
mg supernormal curves, which passes rapidl) into the stage of complete h\ cr fad 
lire, mlh a cessation of sugar output and the reactions of the hepatcclomiaed am 
maJ 

From the practical standpoint it is noteworthy that a supposedly nomtal dex 
trose-toferance curve may under aj^ropnate circumstances represent a greater 
degree of liver damage than a 'diabetic ' curve This probably accounts for the 
ddEculty in correlating results of dextrose-tolerance tests aith the clinical or 
pathological evidence of liver damage Such curves can be more correctly inter 
preted in the hght of the cycle of events desenbed above and in conjunction with 
other evidence as to the extent and duration of the hepatic impairment 
Itisevidentthatascriesof dextrose tolerance tests performed at intervals dur 
mg the course of a hepatic disorder can >ieM informaHon of greater prognostic 
vdue than could possibly be derived from any single test It is also likely that a 
comparison of tolerance cur% es obtained with large and small doses of sugar might 
be of chiuca! \ alue, since in stage t the Urge dose jxelds more norma! curves than 
dees the small dose, while in stage 3 the reverse IS true IngenersQ stager corn: 
sponds to the carfaohjdraie abnormalities observed in so-called hepatitis ' (jr, 
3 »). while the disturbances describe for stage 3 are st*n in advanced hepatic 
cirrhosis (33 34) 

Holmes (33) has reviewed the i« wtre observations upon the effects of loan on 
carfjohjdrate metabolism of liver The results of such work confirm the expen 
mental and clinical observations detailed above The progressive effects demon 
itratcd on liver slices and arranged in order of time sequence or of degrees of 
damage, are as follows first, an increased rate of gl) cogenol) sis and a decreased 
ahilit) to form gljcogen from glucose (sugar can still be made from lactic and p> 
nnic acids and from alanine but cannot be stored) second a decreased abil 
to convert the three carbon compounds into glucose and a more or less com 
plctelossoftheabiht> to form gljct^n 

Toe mJUVENOUS dextrose TOtEIOU.CE TEST FOR UX-ER DVSrDNCnOV 
The important influence of the state of the livxir on blood sugar regulation 
mates it isirable to be able to differentiate between hepatic and endocrine dis 
turhantes There ha\ c been a number of in\C8ltgators who have nTwrtrtJ that the 
®ral dextrose tolerance curse is abnormal in lixer disease, but no characlcnstics 
which Would distinguish such a curs c from that obtained in diabetes melhtus hase 
«'er been described (31, 34) Using a standardixed intrax mows procedure for the 
<K 1 , Soskm and his co-wotlers (35) have rccentlj been able to obtain curxxs from 
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normal individuals, patients with known bver disease, and patients with mdd dia 
J?etes mellitus, respectively, which are characteristic for each condition and which 
can be differentiated from each other The procedure which must be followed k 
actly if their standards are to be used, is as follows The test is done in the inoni 
mg before breakfast One third gram of dextrose per kilogram of body weight, m 
a go per cent aqueous solution, is injected intravenously within a penod of 3 5 
minutes Bfood samples are taken before the sugar administration and at i 
and 2 hours thereafter These investigators used capillaiy blood obtained by 


Blood Sugar 
(Mg per Cent) 



Fiq 7J— The average intravenou»-d«*Uose tolei\ii« Curve* of 30 *»oraial control Individual* Jjef 

the mildest cases of diabetes nwlhtus that were available *ad 50 ease* of proved nuld or esily hvtt is- 
ease The normal curve returns to the pre^njectwn level by do ra nutes the hepatic curve returns siter 
60 and before 1 JO minutes Uiediabeticcurveretunisaller iso minutes (Sosltm [35) ) 

finger puncture, and the micromodification of the Somogyi Shaffer Hartmann 
method for true blood sugar 

Figure 72 shows the average curves for 30 normal control individuals 25 of the 
mildest cases of diabetes mellitus which were available (none had a fasting blood 
sugar level over 200 mg per cent and none required insuhn for the control of their 
diabetes), and 50 cases of mild or eariy liver disease (climcaily established and 
corroborated by several laboratory cntena) The Wide spread between the three 
types of curve and the ease with which they can be differentiated is apparent As 
regards the variation between the individual tests which go to make up the aver 



PATHOLOGICAL PHYSIOLOGY 


275 


*ge curves not a single one of the 30 nonnal cases took as much as 60 minutes to 
return to the pre injection level This agrees with the normal standard prevnously 
reported by Tunbndge and Alhbone (36) Not a single one of the 25 cases of nnld 
diabetes took less than 120 minutes to return to the initial level ^ot a single one 
of the 50 cases of mild or early hver disease took as long as *20 minutes to return 
to the pre injection level although 13 of the go or approximately 25 per cent of 
these cases did cross the base line in less than 60 minutes 
It might appear, at first glance from the average curves, that the diSerentiation 
between the diabetic and hepatic type can just as readily be made from the higher 
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tappened to »Urt lit idtntical fasting blood mgat levels Thr eharacierwtic do»t»V^» and the 
tarw of r»tum to the pt« mjectioo Jewels ire tb« cntem for different ilion (SosVin Lssl ) 


fnitiallev el and the higher peak value of the former This is not so when individual 
ue considered The charactenstics of the average cur. es depend upon the 
fact that more of the diabetic curves started at, and reached, higher Ie\ els Hott- 
er" the range of these values in diabetes and m hver disease actually overlapped 
to Some extent Figure 73 shows that, when this was the case, the ^aracterstic 
d'wm'Bard slope o! the curve and the tune at which it crossed the base Ime vrete 
tbe real differentiating factors The curves in Figure 73 are for individual cases of 
'habetts and of li\ cr disease, selected because they happened to start at identical 
fulmg blood sugar levels It may be seen that, uhile the initial lev eU and highest 
peaks did not distmguish between the two conditions the charactenstic down 
tlope and time of return to the pre injection level permitted easy distinction 
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THERAPEUTIC USE OF HIGH CAKBOHYDRATE DIETS IN LIVER DISEASE 
Since Rosenbaum (37) in 1882 caHed attention to the depletion of hcDaticrlv 


„ « livti Loiiums little glyo^cn (38) Concomitant with the lo^ of 

glycogen fatt> changes appear m the liver after exposure to these hepatotouc 
agents Rosenfeld (39) observed that animals fed carbohydrate are, in general less 
susceptible to any drug which produces accumulations of fat in the liver Further 
more, after such poisonings the feeding of dextrose aids recovery of the animal 
Since the early reports of Whipple and Speny (40), Opie and Alford {41), and 
Graham (42) on the resistance to chloroform or phosphorus poisoning of animals 
fed large amounts of carbohydrate or animals with livers containing large stores of 
glycogen, there have been many similar observations (43) The protective action 
of a high carbohydrate intake has also been noted m the prevention of hepatic 
damage following expenmental ligation of the common bile duct (44), operation 
for Eck fistula (45), partial hepatectomy (46), and expenmental poisoning with 
the mushroom Amantla phallotdts (47) 

The various demonstrations of the lifesaving action of high carbohydrate intake 
on animafs with experimentally damaged livers have been paralleled by cluneal ex 
niorations of the therapeutic and prophylactic possibilities of administration of 


large amounts of carbohydrate The recent experimental resuus uuuuiuu 
man and his co workers have emphasized the therapeutic possibilities when ade 

stuffs on liver disease, it is gen 
here has been some work which 
purports to show that high protein diets are as good or better than high carbohy 
drate diets There is good evidence that m certain specific types of poisoning, 
namely those due to selenium (53) and arsphenanune (54), protein is definitely 
superior to carbohydrate in protective value Indeed, m the exceptional case of 
sodium cyanide poisoning, high fat intake is better than either protein or 
carbohydrate (55) However, the evidence upon which the general superiority of 
protem is claimed is open to senous question An examination of the data of Rav 
dm and his co workers (56 57) reveals that most of their comparisons were made 
» . 4 - V. r.rntein content 

asis of com 

parison is, of course, adequate protem-niguLdmuujui^^c., .v — ghprotem- 
low-carbohydrate Table 38 summanzes such a comparison (made m the authors 
laboratory) for carbon tetrachloride poisoning m rats It may be seen tha 
the adequate protem-high carbohydrate diet was definitely superior m lifesaving 
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cScct to both the high fat and the hi^ protein diets Chemical examination 
showed a correspondingly higher glycogen content of those poisoned animals which 
hid been on the high carbohydrate diet 

It seems fair to conclude that except jn those instances where protein seems to 
exert a specific action, its value depends upon its glyci^emc and lipotropic proper 
ties Hence an adequate protem-high-carbohydrate diet is generally apphcable In 
using such a diet, the increased requirements for the vitamins of the B complex 
diould be satisfied And m this connection it is important to note that large 
linciunts of carbohydrate, together with a high dosage of thiamme, would tend to 
produce fatty Lvers (58) unless counterbalanced by an adequate intake of choline 
or lipotropic ammo acids 

Even this brief survey of the subject points up the incompleteness of our pres 
ont knowledge, especially as regards the particular effects of the vanous toxins cn 

TABLE 38 
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ixiuntered clinically A systematic study of these and of the specific dietary com 
hinaiions which are most effective in each case is certainly in order {59 60) 

PWfsioLocic Basis of intravenous dextrose therapy for 

DISEASES OP THE UVER 

On the basis of Rosenbaum s observations and Roscnfeld s theoncs Beddard 
wi) had suggested ascarlyas 1908 that dextrose be used clinically m large quan 
t‘ti« to restore the depleted reserves of hepatic glycogen in cases of dclaycdpoison 
Eller chloroform anesthesia In addition to the administration of dextrose by 
'’’ouih and by rectal enemas Beddard advised the intrav enous use of a 6 per cent 
^lution It IS only recently , howcx er, that the general introduction of adequate 
'itrose therapy for hepatic disease has been shown to produce a definite decrease 
‘■’1 mortality In a senes of cases m which acute hepatic insuffiaency was treated 
*'th N ary ing amounts of carbohy drate gi'cn by mouth ami intrax cnously , Jones 
Ifi) found that m a group of 10 cases obserxed from ig« to 1925, m which 





278 


CARBOHYDRATE METABOLISM 


patients were given a diet low m fat and supposedly high m carbohydrate, the 
mortality was 90 per cent In only two instances was dextrose administered intra 
venously In the next five years, with diets somewhat higher in carbohydrates 
(300-400 gm daily) hut with intravenous administration of dextrose in only four 
instances, there was 100 per cent mortality in 14 cases However, m the years 
i 93 o ~35 when dextrose therapy was vigorous, 32 patients were treated with diets 
contaimng 400-500 gm of carbohydrate daily, 26 of them receiving dextrose in 
travenously, and the mortality was lowered to 63 per cent This author concluded 
“The more intensive the glucose therapy, the better the prognosis ” 

Despite these empiric observations, some difference of opinion still exists con 
ceming the advantages of intravenous administration of dextrose if the patient can 
take the necessary dextrose or carbohydrate by mouth (62) But it should be 
pomted out that the nectssary amount of carbohydrate is supphed by the amount 
of dextrose sufficient to raise the blood sugar to a level which will suppress the 
output of hepatic sugar Whereas the normal liver will respond to the usual post 
prandial hyperglycemia, the “irritable” liver in acute toxemia may require a much 
higher concentration of blood sugar to inhibit the formation of hepatic sugar 
That this 18 so was seen m the experiments previously described (p 370) m which 
there was a prompt response of the acutely poisoned liver m curtailing its output 
of sugar when large doses of dextrose were given intravenously, while small doses 
had little or no effect (29) 

Furthermore as Con and Con (63) have pomted out concerning the normal 
liver, “ the blood sugar concentration and not the amount of glucose administered 
must be regarded as important for the rate of glycogen deposition m the liver ’ 
Consequently, when an attempt is made to protect a damaged hver by means of 
deposition of glycogen therein, the blood sugar concentration may have to be 
raised to a level which it may not be possible to obtain by feeding carbohydrates 
In such cases intravenous infusion of dextrose is essenti^ The fact that extreme 
hyperglycemia so produced may result m glycosuria should not deter one from 
such vigorous therapy As a matter of fact, this treatment has been success y 
applied m diabetic patients with manifest or suspected liver disease (64) 

Because of the glycosuria which may result from intravenous dextrose therspy, 
some physicians favor the routme use of insulin with the sugar ^ 

should be pointed out that, unless the patient is diabetic, the mdiscnnunate use 0 
msuhn may defeat the very purpose for which the dextrose is administere 0 
have already referred to the evidence that, in the presence of sufBcient msu ® 
maintain a normal constant blood sugar level, no additional insulm is 
obtain a normal hepatic response to administered sugar (65) Hence, t e injec ^ 
of insulin into a non diabetic person can produce no additional ^ 

though it does cause mcreased storage of glycogen m the muscles Bn ge ( 

shown that the administration of a certain amount of sugar intravenous y 0 
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tnal rabbits resulted in higher levels of liver glyogen when it was given by itself 
than when insulin was injected simultaneously This occurred despite the fact that 
the insulin caused no low enng of the blood sugar level hen the proportions of 
adamustered sugar and insulin arc such that a lowering of the blood sugar results 
the In er is actually stimulated to pour out more sugar and is depnv cd of glycogen 
rather than replenished with it Soskm AKweiss and liftrsky (29) have shown 
that the use of msulm wnth dextrose m the treatment of tone non-diabctic am 
mals shortens life animals receiving dextrose alone live longer 

After prolonged intravenous injections of dextrose designed to suppress the 
sogir producing mechanism of the hver the organ requires an inten. al to recover 
/«m the inhibition of dextrose formation sothathypogl>cemiama> appear from 
i to 3 hours after the cessation of the infusion (67) This should be anticipated and 
treated with small doses of carbohydrate by mouth or intrawnously if ncccssarj 

CLIKlCAt KETOSIS 

T^le 39 lists the abnormal phj'siological states and the climcai conditions m 
which ketosis » encountered It also indicates the particular causative factors m 
vofved m each instance As we have seen from the previous discussion m chapter x 
the fundamental disturbance underlying all ketosis is a relative er absolute lack of 
csrbohydrale m the liver leading to an excessive breakdown of fat However the 
conditions leading to this fundamental disturbance can be divided into three sub 
rwps according to the manner in which it is brought about namely (e) dis 
tafbinces in food intake (6) impairment of liver function and (e) endocrine dis 
orders It will be noted that there are a number of question marks m the table 
Theseareapphed to certain of the endocrine mechanisms to indicate notonlj our 
frsgnjenlary knowledge as to the way m which they operate but also our lack of 
complete assurance that they operate at all m a particular condition \\ ith these 
reservations howeNrer Table 39 completely relates cluneal ketosis with our pre 
‘10US physiological considerations Certain key references to more detailed con 
odcrition of the several conditions arc also included in the table 

\on Gierke s disease and diabetes meUitus require some add tional comment 
Reformer IS exceptional in that it is the only condition m which ketosis isassoci 
*tfd with large stores of glycogen in the liver But this gl> cogen is not a\ ailablc 
^or use as is also evident from the fact that there is a low blood sugsr level In 
TiHe 39 (he glj cogen in \ on Gierke s d sense was therefore labeled abnormal 
la real ty u u more likely that the gl>cogcn itself does not differ from that found 
nnormalhvcts but that the hepatic cn^me s>-stems arc abnormal inth a conv 
q<.ent inability to mobilize the gl) cogen The net result as far as the organism is 
owcerned is the same as if the glycogen were absent Vs regards diabetes melhlus 
be noted that the factor of insulin lack is designated rclatn c or absolute 
^ « because, unlike experimental pancreatic diabetes we still do not know 
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m human diabetes mellitus there is an actual deficiency of msulm or 
Tklher there is an excess of opposing endocrine factors From the practical thcra 
peutic viewpoint, this, of course, makes little difference, since m either case the 
admimstratJon of exogenous insulin will lempoianly restore the disturbed endo 
erme balance 

Secondary effects of keUists — It is not at all certain whether the occurrence of 
ketone bodies m the blood and unae is in itself harmful The evidence as to the 
lonatyof acetoacetic acid is contradictory, to say the least {77) Be that as it 
®2yi it IS clear that the appearance of the ketones m excess of the amounts which 
can be metabolized by the penpheral tissues sets into motion a vicious cycle with a 
number of harmful secondary effects The fact that the ketones are orgamc acids 
necessitates their neutralization hy sodium to preserve the normal pH range of the 
blood and to enable their excretion by the kidney The Letonuna js therefore ac- 
companied hy a loss from the body of fixed base and water Further loss of 
chlonde results from the vomiting which often accompanies ketosis All these 
factors lead to dehydration and hemoconccntration, which, together with the loss 
ofsitts, result man impairment of kidney function When this occuix the ability 
of the body to metabolize and otherwise deal with the ketoacids rapidly diminishes, 
»nd there begins a shift in the pH of the blood to an extent incompatible with con- 
wousness and life 

1Ti 6 post mortem findings, m individuals in whom ketosis was the predommat- 
lag cause of death, support our analysis of the pathological phy’siology There arc 
specific organic lesions to be found There is a cerebral capillary dilatation, 
penvascular edema and acute degenerative changes m the cells of vanous parts of 
the central nervous system The findings m other parts of the body are those 
rfhich are also seen in acute exsanguinating hemorrhage and m congestive heart 
fifiure In general, therefore, the tissue pathology might very well be accounted 
tor by aadosis, dehydration, hemoconcenlralJon and cerebral anoxia 

treatment of ketosis —For purposes of treatment, another classification of 
‘tites of climcal ketosis may be made — namely, diabetes mcliiius, on the one 
and all other conditions on the other hand Diabetes is the only condition 
'I'^hich the ongmal disturbance is a relative or absolute lack of insulin, and in 
<i<ohel„ the most essential part of the treatment is the early, adequate, and persistent 
^’^'iiitration of xnsuhn This treatment will, of course, be rendered more effcc- 
by the Simultaneous administration of adequate amounts of carbohydrate, 
and salt But the need for the hormone is paramount 
It is equally important to remember that in non-diabelic ketosis the admmis 

rdinal principle of ihe 

. cr under conditions in 

' ■ ary to accomplish this 

i'lfposc in the diabetic organism The non-diabetic orgamsm already has an op- 
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tamed until the simple clinical and laboratoiy evidences of ketosis, dehydration, 
hemoconcentration, and hypochloremia have been abolished 

INSULIN RESISTANCE 

In a number of clinical conditions the response of a patient to a given dose of 
insulin IS less than that obtained in a normal individual Diabetic patients who 
were formerly well controlled by a small dose of insulin may, with the advent of 
one of those clinical states, be poorly controlled even with very large insulin 
dosages This phenomenon has been commonly referred to as "insulin resistance ” 
It is difficult to define normal insulin sensitivity vety exactly, and there is no 
general agreement as to just how abnormal the response must be m extent and du 
ration to be called "insulin resistance ” Lawrence (89) has reserved the term for 
instances in which the etiology is unknown Strouse and his co workers (90) m 
their recent review of the subject chose to restrict their definition to cases of known 
or unknown etiology in which, after 48 hours’ observation, 200 or more units of 
insulin could be adnunistered without an appreciable lowering of the blood sugar 
The vanous disturbances which might diiminish the normal action of msulm 
may be hsted as follows 
t Fqo: absoiption from the subcutaneous tissues 


tnally to its endocrine regulators 

S Unusual antibody formation to insulin or to other proteins present in insulin preparations 
Vanous chnical cases have been reported in the medical literature m which one 
or another of the above factors have been supposed to operate But there is little 
good evidence that the suspected factor was actually responsible, and our knowl 
edge of mechanisms is incomplete and is derived partly from clinical observation 
and partly from animal expenmentation 

Root and his co workers (91) followed insulin absorption from the subcutaneous 
tissue by preparing a compound of insulin with radioactive iodine This com 
pound did not differ from insulin in its physiological activity, and the quantify 
present in an area in which it had been injected could be estimated from the de 
gree of radioactivity They found that their insulin compound was absorbed much 

more slowly from the subcutaneous tissues of diabetic patients manifesting msu n 

resistance than from the skin of other diabetic patients The absorptive factor in 
the insulin resistant cases was confirmed by the fact that they responded smart y 

to insulin adrmmstered by the intravenous route ^ 
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serem and insulm This has usually been interpreted as indicating the presence of 
laanU insulin factor m the blood of insulin resistant individuals Such a substance 
m ght be an antibody of some sort, or the effect might be non specific and be due 
to an abnormally rapid rate of destruction of the added insuhn The possibility of 
hormonal antagonists is supported by the experimental evidence discussed m 
chapter xxi and by the clmical observations of increased requirement for msulin 
by diabetic patients coincidentally with the onset of thyroid or pituitary manifes- 
tat ons As regards the formation of antibodies to insulin such cases occur but are 
(94 9S) However, it has been observed that the Insuhn requirement of dia 
bet cs IS likely to increase during the course of any allergic mamfestations even 
tbough the patient is not allergic to insuhn itself The reported cases of msuhn re- 
sistance in which an insuhn antagonist m the blood has apparently been demon 
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tinted are not accompanied by the type of evidence which would penmt a deter 
*™nation of the nature of the antagonist in\o!ved 
fasul n resistance is most commonly encountered m infections and fcbnle states 
decreased effect of insuhn has b«n vanously ascribed to an overactivity of 
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^ formerly thought that hepatic glycogenolysis oormall} occurred through 
activity the glycogen being degraded through dextrms to maltose and to 
Pucose (Fig 74 ) However Lee and Richter (97) «ho recently summarized the 
P^Moiis work on liver amylase and reported their own thorough studies on the 
pointed out that (a) even the highest amylase activity found in the blood 

and other organs is only of the order of i/ioeoo of the am) Use acliMty of 
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I^SrOLOGIC ACTION OP INSTOW IN SHOCK THERAPY OP THE PSYCHOSES 

Schizc^hrenm and other psychoses have been treated tnth some degree of sue 
cess by various forms of shock therapy including the induction of profound m 
sulin hypoglycemia This influenceofinsulinhasbeenattributedby someauthors 
to a benefiaal action of insulin upon the metabolism of the brain This mterpreta 
tion IS not warranted 

The relationship betneen the blood sugar level and the iitihaation of carbohy 
drate by skeletal muscle was discussed in chapter xiv A similar relation between 
the blood sugar lev el and utiliaationofsugar has also been shown to hold for nen,e 
and brain tissues in dogs and rn man (lOo jor 102) It will be recalled that the 
lower plateau in the S shaped curve which expresses the relation of the blood sugar 
level to utilization of sugar indicates that the latter cannot be depressed below a 
certain minimal rate by any degree of hypoglyceima {chap xiv p 151) Marked 
hypoglycemias may therefore dnvc the available supply of sugar from the blood 
below the nummal requirements of the tissues Under such arcumstanccs the 
muscle may have recourse to its stored glycogen or may perhaps turn to protein 
or fat as a source of energy It is generally agreed however that cene tissue has 
bttle stored carbohydrate and cannot utilize protem or fat It follows that the 
nerve tissues dunng marked hypoglycemia are unable to maintain even the mini 
mal rate of metabobsm compatible with their well being This explains the recent 
reports that prolonged msulin hypoglycemia has led to irreveriibie damage to the 
central nervous ^tem in experimental ammals (loy) and to similar pathologic 
changes and mental deterioration in schizophrenic patients (104) It way be con 
eluded that insulin shock therapy has been ivell namedl 
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feeding No conclusive results v?ere obtained, although some of the meat fed ducks 
did develop a certain degree of hyperglycemia and glycosuria The previous die 
fary habits of an animal might influence the characteristics of its pancreatic dia 
betes by affecting the secretory activity of certain endocrine glands or by setting 
the metabolic reactions m the liver m one or another direction In the latter con 
nection it might be ivell to recall the observation of F G Young (21) that the 
feedmg of meat or non protem extracts of meat increases the seventy of ketosis in 
dogs with metahypophyseal diabetes 

Whatever the causes of species differena m diabetes may prove to be, the sub 
ject IS by no means one of academic interest only It has already been pointed out 
that the etiology of diabetes melhtus in the human is unknown and that in the 
majority of cases it is evidently not due to pancreatic pathology (chap xxii, p 
265) It may well be that further and more exact knowledge of the causes of species 
vanation in the diabetic syndrome could suggest possible etiologic factors in man 
For this purpose, further work companng alloxanized ammals and studies on the 
gluconeogenetic response of various species to phlorhizm should be profitable 
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CBAPTER XXIV 

PRESENT FRONTIERS OF RESEARCH IN METABOLISM 

jILTHOUGH th»s \olunie has dealt pnoianly ^th the nietabohsra of car 
iUl faohydratc, Jt has been necessary to consider the metaboJjsm of protein 
and fat to a considerable extent As a matter of fact, the division of the 
subject of metabolism into three compartments, related to the three major food 
stuSs, IS largely artificial, depending upon the limitations of the authors rather 
than upon anj real separation ol the subject matter 2 a the hght of mare recent 
knowledge of intermediary metabobsoi, it seems likely that we shall soon cease 
to distinguish between the metabobsms of the di^erent foodstuffs, once they have 
gone beyond certain stages, for, eventually, all of them give rise to very similar 
intermediary products, namely, the a and ^ hetoacids 

INTERREUTIOVSHIPS BETWEEN CARBOHVDRATE 
PROTEIN, AND PAT ItErABOtlSlT 

Figure i8 (p 54) presents a composite scheme of the mam pathwa>'S connect 
ing the metabolism of carboh>drate, protein, and fat The supporting evidence is 
drawn from tn ttta, perfusion, and tn vitro experiments on different animals and 
under chfferent conditions No single animal, organ, or type of tissue has been 
shown to be capable of performing all the reactions in the scheme Indeed, there 
IS evidence that certain tissues laii. the ability to carry on many of them The 
scheme therefore applies to the organism as a whole, 1 e , a certain tissue may 
carry the degradation of a foodstuff or the synthesis of an intermediate product 
to a given point and then pass on its end product, by way of the blood, to another 
tissue which completes the process 

If the tentative scheme shown m Figure iff is substantiated by future work, it 
will be possible to speak of a “final common pathway” for all the foodstuffs The 
mtenncdiary metabolites oomposrog the tacarboxyhc acid cycle (see chap in) 
will then be regarded as a metabolic pool to which all the foodstuffs contnbute 
and from which th^ can be regenerated (amination, CO, fixation) This will ob- 
viate much of the former discussirai as to the mterconvectibilily of a paihculai 
foodstuff into another, for it will be realised that none of them are interconvertible 
in the sense that the constituent atoms of one pass directly and in a body into the 
other, whffe all of them are interconvertible, in the sense that the augmentation 
of the pool fay a certain amount of mteniKdiary mstcnal derived from any food 
asS 
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stuff may displace an equivalent amount of intermediary substance from the pool 
for the synthesis of another foodstuff 

It might be objected that if the interchangeability of foodstuffs were as com 
plete as is md cated by the scheme it should be possible to mamtam adequate nu 
tnticm on a diet composed solely of any one of the foodstuffs But we know that 
only protem — and indeed only certain protems — can be used in this way and 
then for linuted periods of time only TTie answer to this objection bes not m any 
lick of mterconvertibility but in the fact that animal metabolism is incomplete 
Animals cannot ^thesise certain essential food materials but must obtain them 
from plant and mineral sources These essential accessory food factors comprise 
(j) the essential amino acids (a) the essential fatty acids (3) the vitamins and 
(4) the minerals It happens that only a mixed dietary of natural foods n ill con 
tarn the necessary amounts of all the accessory food factors 

SIGNIFICANCE OF tH titro BISUITS 

The best available scheme for the dynamics of carbohj dratc metabolism was 
presented m chapter ui Butitmustbeemphasuedthat despite its general plausi 
h My and inner logic it is only a tentative outline The data for it arc dcm ed 
from work done with intact with eviscerated and with hepatcctomucd animals 
and from observations made after the removal of various cndocnne glands etc 
The preparations used for tn utro work mcludc organ sbces mmccd tissues and 
eazytae extracts 

The various techniques of in vtlro work have been invaluable for the develop- 
Bwnt of our present concepts of intcrmediaiy metabolism but they suffer from 
seieral inherent limitations which arc not always appreciated or emphasized 
E\eil tissue slices in which there is presumably the least physical damage to in 
dividual cells do not exhibit quite the same metabolic behavior as do the parent 
tissues t» ttre For example liver sbces cannot be induced to deposit glycogen 
(except rarely and to an insigmficant degree) (i a 3) as the organ $0 readily 
docs in tiro The bver slice in tilro appears to be exclusively in the phase of gly 
cogcnolysis In this connection it may be pertinent to consider the fact that the 
intact bver possesses a dual blood supply each supply differing m rate of flow 
pressure and oxygen and CO, contents The cells of the bver slice in ttlro must 
function m a uniform medium Turning from bver to brain we note that the high 
est JR tifro oxygen consumption of cortical sbces u only from one third to one half 
iheoxygenconsumption of whole bramifinwU S 6) Obviously somcunlnown 
f»«ors mcKbly metabolism when tissues arc separated from their normal en 
'ironmenls 

Mincing o[ tissues introduces even more senous deviations For example while 

W intact thin musde (diaphragm or abdominal muscle) retains its ability to dc- 
I*sit gly cogen frorn glucose (7 8 9) and can also use the glucose m the medium 
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«tn 5 may displare an eqiuvalent amount of mtennediaiy substance from tie pool 
for tie synthesis of another foodstuff 

It be objected that if the mterchangeabihty of foodstuffs were as com 
pkte as IS indicated by the scheme, it should be possible to maintam adequate nu 
tnCon on a diet composed solely of any one of the foodstuffs But rre know that 
only protem — and indeed, only certain proteins — can be used m this way, and 
then for limited penods of time only The answer to this objection lies not in any 
lack of interconvertibihty but m the fact that animal is incon^lete 

A n i ma ls cannot synthesize certain essential food materials but must obtam them 
from plant and nuneral sources These essential accessory food factors comprise 
(i) tie essential ammo aads, (a) the essential fatty aads (3) the vitamins, and 
(4) tie minerals It happens that only a mixed dietary of natural foods will con 
tua the necessary amounts of all the accessory food factors 

sicvincASCE or tn ntro BEStrLTS 

The best available scheme for the dynanucs of carbohydrate metabolism was 
pjtsented m chapter ui But it must be emphasized that, despite its general plausi 
bSty and inner logic, it is only a tentative outlme The data for it are derived 
froia Work done with intact, with eviscerated, and with bepatectemized an>mal« 
sad from observations made after the removal of various endocrine glands etc 
The preparations used for tn niro work mcJude organ slices, minced tissues, and 
«ay=«5 extracts. 

The vinous techniques of tn ttlre work have been invaluable for the develop- 
ffiCBt of our present concepts of mtcrmediary metabolism but they suffer from 
sereral inherent lumtations which are not always appreciated or emphasized 
Even tissue slices, in which there is presumably the least physical damage to m 
‘E'^’dnal cells do not exhibit quite the same metabolic behavior as do the parent 
tesces tn xro For example, Uvcr slices cannot be induced to deposit glycogen 
(except rarely and to an msigruffcant degree) (i, 2, 3), as the organ so rcaiffly 
•kes in «-o The In er shce tn niro appears to be exclusively in the phase of gly 
In rhK connection it may be pertinent to consider the fact that the 
uitact In er possesses a dual blood supply, each supply differmg m rate of flow, 
pressure, and osygen and CO, contents The ccIL of the In er slice in ttlro must 
faction m a uniform medium- Tunung from In er to bram, we note that the high 
est in Ttlro oxygen consuiiqition of cortical shoes is only from one-third to one half 
^®*ygen consumption of whole bram were (a s,6) Obviously , some unknown 
factors modify metabolism when t’^siip<i are separated from their normal en 

iGncmg of tissues mtroduces e\ en more senous deviations For e x a m ple, while 
^ cjtact thm muscle (diaphragm or abdominal muscle) retains its abflity to de- 
1®®^ glycogen from glucose (7, 8, 9) and ran also use the glucose in the medium 
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for energy purposes, mincing interferes with the entry of glucose into the cells 
for either purpose 

Cell free extracts are a step further removed from normal relationships The 
generaUy used muscle extract of Meyerhof (lo) contams the stable systems soluble 
in o6 per cent potassium chlonde or water The water insoluble enayme 
protems, such as myosm, are not present, and the creatme phosphate hydrolyzes 
during the preparation of the extract It is obvious that the carbohydrate metabo 
lism of such an extract is quantitatively and qualitatively different from that of 
mtact muscle For example, it is well known that many tissues (e g , muscle) show 
a greater breakdown of carbohydrate and a larger formation of lactic acid during 
anoxia than durmg adequate oxygenation The mhibitory influence of oxygen on 
the rate of glycolysis is known as the “Pasteur effect” (ii, 12) The exact mecha 
nism of this effect m mtact tissues is not entirely clear Among the factors which 
may be involved are (0) the breakdown of organic phosphate during anoxia, 
providmg excess morgamc phosphate, which would orient the reactions toward 
glycolysis (13) , and (6) the fact that many enzyme proteins mvolved in glycolysis 
are active in the -SH state (reduced) and may therefore be inhibited by an in 
creased oxygen tension (14, 15) Whatever its mechanism, the Pasteur effect is 
an important regulatory phenomenon in carbohydrate metabolism tn vtvo—a 
mechanism which is completely lackmg in tissue extracts 
From even these few considerations it becomes obvious that extreme caution 
13 necessary in applying tn vtlro data to the elucidation of tn vm metabolism F\ir 
thermore, a homogeneous cell free enzyme extract, even if it contamed all the cell 
protems m their tn cm proportions, would not be very comparable to the hvmg 
cell In the latter, heterogeneity and structural separation, etc , make it possible 
to have a number of zones withm a smgle cell, each differmg as to pH, mineral 
composition, etc , and each varying m metabolic activity External influences, 
both physical and chemical, may therefore influence the metabohsm of the cell 
by mducmg changes in its internal structure For example, the structural change 
induced in myosm by the nerve impulse activates carbohydrate breakdown and 
alters the rate of oxygen consumption The rate of metabolism is also influenced 
in unknown fashion by thyroid hormone or by dinitrophenol These substances 
may act by brmging together hnks in the respiratory chain which, although al 
ways present m the cell, are usually separated from each other in some way 
More speciflcally, Stannard (16, 17), Korr (18), and others (19, 20) have shown 
that, in certam tissues, work or chemical stimulation not only raises the rate of 
oxygen consumption but alters the pathway by which it is used The low oxygen 
consumption of these tissues at rest is resistant to the influence of cyanide despite 
the presence of the cytochrome system on which the poison acts When the tissues 
are stimulated, the oxygen consumption rises and becomes sensitive to cyanide 
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